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CHAPTER  1 

EXECUTIVE  SUMMARY 


Experiments  from  Long  Duration  Exposure  Facility  (LDEF)  have  provided  and  will 
continue  to  provide  valuable  information  about  the  perfonnance  of  space  optical  materials  and 
optical  sensor  design  in  the  space  environment.  LDEF  provided  valuable  data  on  the  effects 
meteoroids  and  debris,  atomic  oxygen  (AO),  contamination,  ionizing  radiation,  vacuum, 
thermal  cycling,  and  solar  irradiation  have  on  space  optical  experiments. 

The  principal  investigators  have  not  completed  testing.  One  of  the  main  impediments 
in  completing  the  reduction  is  tlie  contamination  of  the  .samples.  The  contamination  was  a 
result  of  the  outgassing  and  decomposition  of  materials  on  the  LDEF  spacecraft.  To 
completely  understand  and  make  final  conclusions  about  the  impact  the  space  environment 
had  on  LDEF  optical  samples,  it  will  be  necessary  to  make  additional  measurements  after  the 
LDEF  samples  have  lieen  cletmed. 

Despite  the  contamination,  valuable  information  has  already  been  obtained.  This 
infonnation  is  summarized  below; 


•  Contamination  can  lx:  a  major  problem  in  space  for  optical  systems.  On  the 
LDFIF  spacecraft  contamination  resulted  in  the  complete  loss  of  tran.smission 
for  some  optical  samples.  The  use  of  materials  which  ouigas  or  decompo.se 
should  be  ;ivoideti  in  the  vicinity  of  optical  components. 

•  Atomic  oxygen  degraded  the  optical  materials  that  are  physically  .soft,  such  as 
KRS-.5  and  KRS-(i,  as  well  as  uncoated  copper  and  silver  metallic  reflectors. 
Caution  should  be  exercised  when  using  these  materials  in  orbits  below  800  km 
where  atomic  oxygen  dominates. 

•  Uncoated  materials  were  found  to  be  quite  resistant  to  the  space  environment. 

•  Dielectric  and  metallic-coated  optics  exhibited  delamination.  Tlie  probable 
cause  of  this  is  thennal  cycling.  'T  he  use  of  these  materials  in  an  "athermal" 
system  will  reduce  this  problem. 

•  Certain  materials,  such  as  ZnS,  degrade  in  space. 
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•  Hard-coated  infrared  (IR)  multilayer  coatings  performed  well  in  the  space 
environment. 

•  Contaminated  IR  components  which  were  properly  cleaned  showed  little  or  no 
degradation  in  optica!  properties. 

This  information  is  used  to  develop  a  set  of  de.sign  considerations  for  optical  systems. 
The  design  considerations  are  ba.sed  on  grouping  the  optical  elements  according  to  the 
environments  they  will  see.  The  three  groups  are  benign,  minimal  exposure,  and  maximum 
exposure.  Based  on  the  LDEF  results  and  analy.ses  to  date,  materials  have  been  identified 
which  are  appropriate  for  each  exposure  level. 


CHAPTER  2 
INTRODUCTION 


The  purpose  of  this  handbook  is  to  provide  the  user  a  space  optics  design  guide  based 
on  the  LDEF  space  optics  experiments.  The  guide  pre.sents  the  data  and  experience  learned 
from  the  LDEF-  space  optics  experiments  in  one  volume  and  in  a  user-friendly  fashion. 

LDEF  was  a  passive  satellite  with  no  telemetry  of  data  to  the  earth  during  the  mission. 
LDEF  contained  57  different  experiments  mounted  in  K6  individual  out-facing  trays  and  ahso 
on  the  interior  of  the  structure.  LDEF  was  placed  in  a  47X-km  altitude.  28.5“-inclination 
orbit.  The  LDEF  mission  was  originally  scheduled  to  last  between  10  months  to  a  year. 
However,  LDEF  was  not  retrieved  until  after  almost  5.75  years  in  space.  During  this  time  the 
original  orbit  decayed  from  482  km  down  to  320  km. 

The  57  LDEF  experiments  were  divided  by  NASA  into  five  categories:  heat  pipes  and 
thermal,  materials  and  coatings,  .science,  power  and  propulsion,  and  electronics  and  optics. 

The  optic  experiments,  the  focus  of  this  design  guide,  can  be  divided  into  the  following  areas: 
refractive  optics  (both  coated  and  uncoated);  filters;  metal  films;  fiber  optics;  and  quartz 
microbalances.  LDEF  experiments  other  than  the  optics  experiments,  such  as  the  power 
experiments,  proviiled  valuable  related  data,  especially  for  coating  materials  and  thin  films. 
The  data  reduction  for  the  optical  experiments  is  being  done  by  the  individual  experimenters. 
As  of  the  writing  of  this  handbook,  the  data  reduction  effort  was  ongoing;  provisions  have 
been  made  in  the  fonnatting  of  the  hantlbook  to  allow  periodic  updates. 

The  data  reported  in  the  handbook  are  a  'ompilation  of  the  data  published  by  the 
individual  experimenters.  The  handbook  is  divided  into  seven  chapters  and  five  appendices. 
The  first  o  chapters  are  the  executive  summat7  and  the  introduction. 

Chapter  3  of  the  handbook  is  an  environments  summary  chapter.  This  information  is 
provided  for  two  specific  rca.sons:  ( 1 )  to  understand  any  environmental  effects  that 
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coniributed  to  the  results  observed  so  as  to  interpret  the  LDEF  experimental  results  properly 
and  (2)  to  understand  the  environments  and  their  effects  so  as  to  apply  LDEF  results  properly 
to  spacecraft  design  for  other  orbits  and  missions. 

Chapter  4  is  a  compilation  of  the  data  that  have  been  reduced  and  reported  to  date  for 
the  LDEF  optics  experiments.  The  data  are  categorized  by  material  according  to  the  obsei'ved 
effects. 


Chapter  5  provides  an  insight  into  the  impact  the  LDEF  experiments,  results,  and 
analysis  have  with  regard  to  the  de.sign  of  .space  optical  systems.  These  design  guidelines  are 
not  ba.sed  on  the  complete  data  set  contained  in  Chapter  4.  A  large  portion  of  Chapter  4  data 
is  what  happened  and  the  complete  analysis  of  what  caused  the  effect  on  the  individual 
components  has  not  been  completed.  In  developing  a  li;,t  of  preferred  "working"  components, 
the  biggest  driver  is  the  spacecraft  self-contamination  of  the  samples.  Since  this 
contamination  liinit.s  understanding  of  the  real  performance  of  the  components,  only  optical 
components  which  were  cleaned  were  considered  in  developing  this  chapter. 

Chapter  6  provides  a  more  detailed  discussion  of  the  low-Earth-orbit  (LEO) 
microparticle  environment  than  was  given  in  Chapter  3,  since  the  microparticle  environment 
is  becoming  increasingly  important  in  the  design  of  space  subsystems.  The  material  in 
Chapter  b  describes  in  more  detail  the  impact  flux  of  microparticles,  the  models  used  to 
predict  cratering  effects  on  optics,  and  gives  a  brief  description  of  the  effects  these  craters 
have  on  optical  performance. 

Chapter  7  provides  a  detaiicd  discussion  of  space  effects  on  fiber  optics.  With  the 
rapid  development  of  photonics  technology  devices  during  the  past  few  decades  and  with  a 
large  number  of  light-wave  systems  emerging,  it  was  deemed  appropriate  to  provide  a 
detailed  description  of  the  active  and  passive  systems  and  components  down  on  LDEF  that 
was  separate  from  Chapter  4  to  jirovide  an  ea.sy  reference  for  the  users  ot  this  guide. 
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Appendix  A  provides  a  description  of  the  LDEF  experiment  locations  and  correlates 
these  locations  to  specific  environments  experienced.  The  total  micrometooroid/debris 
impacts  per  square  meter,  the  cuinulative  equi  valent  sun  hours  for  each  LDF.P  tray  row,  and 
the  atomic  oxygen  fluence  are  shown  and  correlated  to  specific  l.DEF  locations. 

Appendix  B  provides  a  list  of  the  experimenters  and  an  experiment  de.scription. 

Appendix  C  provides  a  list  of  published  references. 

Appendix  D  provides  a  glossary  to  define  acronyms  and  other  terms  used  in  the  report. 

Appendix  E  is  associated  with  Chapter  4  and  contains  the  data  graphs  and  photographs 
published  by  the  various  L.EEF  experimenters  to  date  and  cited  in  Chapter  4  to  illustrate  the 
observed  damage  from  the  space  environments. 


CHAPTER  3 

SPACE  p:nvironments 


3.0  OVERVIEW 

During  its  flight,  LDEF  was  exposed  to  a  number  of  natural  space  environments  that 
depend  on  the  LDEF  orbit  and  lifetime.  It  is  imponant  to  understand  the.se  environments  for 
two  rea.sons.  First,  it  is  important  to  understand  any  environmental  effects  that  contributed  to 
the  results  ob.served  so  as  to  interpret  the  LDEF  experimental  results  properly.  Second,  it  is 
important  to  understand  the  environments  and  effects  so  as  to  apply  LDEF  results  properly  to 
spacecraft  design  for  other  orbits  and  missions.  Because  of  the  need  to  inteipret  the  data 
properly  and  to  apply  these  data  to  spacecraft  design  properly,  the  following  sections  are 
provided.  Specific  effects  of  thc.se  environments  on  optical  materials  will  be  discus.sed  in 
Chapter  4. 


3.1  (JENERAL  SPACE  ENVIRONMENT  SPECIFICATIONS 

Because  a  number  of  the  space  environments  depend  on  the  LDEF  orbit,  it  is 
important  to  identify  the  orbit  of  l.DEF  as  preci.sely  as  possible.  The  LDEF  was  launched 
into  Eanh  orbit  in  April  19S4.  While  in  space,  it  flew  in  a  circular  orbit  having  tin  inclination 
of  28. .S°.  The  orbital  altitude  was  initially  approximately  478  km  [251  nmij.  When  the 
LDEF  was  retrieved,  the  orbit  had  decayed  to  an  altitude  of  approximately  320  km  (179  nmi). 
Table  3.1-1  (extracted  from  Ref.  1)  shows  the  orbital  altitude  history  of  LDEF. 

The  natural  space  environment  has  many  components.  Table  3.1-2  shows  current 
references  for  the.se  environmental  specifications.  For  the  LDEF  orbit,  the  environments  of 
most  interest  to  the  LDEF  principal  investigators  are  atomic  oxygen,  ionizing  radiation, 
natural  meteoroids,  man-made  debris,  ultraviolet  (UV)  radiation,  vacuum,  and  microgravity. 
These  environments  are  relevant  to  understanding  the  observations  in  LDEF  experiments  and 
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to  extrapolating  LDIiF  results  to  spacecraft  designs  for  other  orbits.  Eacli  of  these 
environments  is  discussed  briefly  below. 


Table  3.1-1.  LDICF  Orbit  Mi.ssion  Hi.story 


.Some  of  the  enviroiimcius  experienced  by  the  LDI:!-'  experiments  are  particularly 
sensitive  to  the  Lnid-  tray  loctitions.  Of  ptiriicular  interest  arc  the  atomic  oxygen,  sun  hours, 
and  inicromeieoroidAlebris  environmeuts,  A  more  detailcti  description  ofthe.se  particular 
environments  is  provided  in  Appciulix  A  to  augment  the  more  general  discussions  that  follow. 
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Table  3.1-2.  Natural  Space  Environment  Specifications 


ENVIRONMENT 

ENVIRONMENTAL  SPECIFICATION 

Solar  Radiation 

MIL-STD-1809,  Paragraphs.? 

Lunar  Radiation 

Handbook  of  Geophysics  and  Space  Environment,  Paragraph  25.2.1.2 

Earth  Shine 

Handbook  ot  Geophysics  and  Space  Environment,  Paragraoh  13.1  1 

Earthlimb 

Handbook  of  Geophysics  and  Space  Environment,  Paragraph  13.4 

Aurora 

Handbook  of  Geophysics  and  Space  Environment,  Paragraph  1 2.2 

Zodiacal  Light 

Handbook  of  Geophysics  and  Space  Environment.  Figures  25-3,  -4.  -5 

Galactic  Optical 
Background 

Handbook  of  Geophysics  and  Space  Environment,  Chapter  25 

Stellar  Optical  Background 

Handbook  of  Geophysics  and  Spa.e  Environment,  Table  25-10 

Atomic  Oxygen 

Handbook  of  Geophysics  and  Space  Environment,  Paragraph  21 .2,5 

Trapped  Radiation 

MIL-STD-1809.  Paragraph  5.1.2 

Solar  Flare 

MIL-STD-1809.  Paragraph  5.1.3 

Other  Nuclei  Fluence 

MIL-STD-1809.  Paragraph  5.1. 3.3 

Galactic  Cosmic  Radiation 

Handbook  of  Geophysics  and  Space  Environment,  Paragraph  6. 2. 1.1,  Figure  6-2 

Meteoroids 

NASA  SP-8013 

Man-Made  Orbital  Debris 

NASA  Technical  Memorandum  100471 

Neutral  Atmosphere 

MIL-STD-1809.  Paragraph  5.3 

Plasma  Environment 

MIL-STD-1809.  Paragraph  5  2 

Geomagnetic  Field 

MIL-STD-1809.  Paragraph  5.5 

J.2.  Individual  Spaci’  F.nviranmcni  Specifications 

3.2  INDIVIDUAL  SPACP:  KNVIRONMKNT  SPECIFICATIONS 

3.2.1  Atomic  Oxygen 

'Fhe  LDEF  was  launched  into  Earth  orbit  at  a  time  of  near-minimum  activity  in  the 
Sun's  1 1-year  solar  cycle  and  was  retrieved  almost  b  years  later  at  a  time  of  near-maximum 
solar  activity.  7’hc  mean  profiles  for  atomic  oxygen  number  densities  at  solar  minimum  and 
at  solar  maximum  arc  shown  in  Eigure  3.2-1  (extracted  from  Ref.  9).  The  tipper  and  lower 
bounds  of  the  LDEF  altitude  are  shown. 

ATOMIC  OXYGEN  DENSITY  PROFILES  AT  SOLAR  MAXIMUM  AND  SOLAR  MINIMUM 
(REFERENCE:  Space  Environment  for  USAF  Space  Vehicles.  MIL-STD-1809) 


GEOMETRIC  ALTITUDE  (km) 

Figure  3.2-1.  Atomic  Oxygen  Ntimlier  Den.silies  at  Solar  Minimum  and  .Solar  Maximum 

The  day-to-night  number  density  ra'in  for  atomic  oxygen  is  approximately  above 
.300  km  and  ilecrcases  to  one  ;it  the  turbopaese  Itippro.ximaiely  100  km).  The  iliurnal 
variation  is  less  than  a  factor  of  four  at  all  altitudes  and  latitudes  near  etiuinox.  Variations 
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are  small  at  low  latitudes  throuizhout  the  year.  (During  magnctie  storms,  the  atomic  oxygen 
density  shows  only  small  variation  at  all  latitudes.) 

To  understand  the  materials  effects  for  LDEF  experiments,  the  total  atomic  oxygen 
fluence  is  of  interest.  The  altitude  of  the  Hight,  the  orientation  of  the  surfaces  with  respect  to 
the  ram  direction,  and  the  extent  of  .solar  activity  determine  the  atomic  oxygen  fluence.  This 
fluence  is  given  as  flux  (tuoms/emVsec)  x  exposure  period  (seconds),  with  flux  defined  as 
number  density  of  atomic  oxygen  (alom.s/cm')  x  orbital  velocity  (cm/s). 

From  Reference  1,  the  history  of  the  atomic  oxygen  flux  striking  the  leading  surfaces 
of  the  LDEF  during  the  mission  is  presented  in  Figure  3.2-2.  This  flux  histoiy  was  calculated 
using  current  upper  atmcispheric  models,  the  history  of  the  tracked  LDFd-  altitude,  and  the 
monitored  F|„7  .solai  radiation  and  magnetic  indexes.  As  can  l>e  seen,  the  Hux  during  the 
hitter  months  of  the  mission  was  almost  two  orders  of  magnitude  greater  than  the  flux 
encountered  early  in  the  mission. 

Utilizing  this  flux  history,  the  total  atomic  oxygen  fluence  on  the  leading  LDEl- 
surfaces  in  the  ram  direction  was  detertnined  to  be  9.09  x  !()■'  titom.s/cml  (The  total  atomic 
oxygon  fluence  as  a  function  of  LDEF'  tray  position  is  presented  in  .Appendix  A.) 


3.2.2  Trapped  Radiation 

In  order  to  futiction  in  space,  satelliies  must  contend  with  the  effects  of  trapped 
radiation.  As  a  result  of  early  stueliite  experiments,  the  existence  of  geomtignetically-trapped 
particles  encircling  the  F'.arth  was  discovereti.  When  electrons,  protons,  and  oihei  charged 
particles  encounter  the  Earth's  magnetic  field,  the  field  traps  many  of  tliem.  They  oscillate 
back  and  forth  along  the  lines  of  force,  ami  since  the  magnetic  field  encircles  the  Earth,  tlie 
trapped  particles  comjdetely  encircle  the  [-iarth. 
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Fii>ut’o  3.2-2.  History  Of  Atomic  Oxygen  Fluence  On  LDEF  Leading  Surfaces 


The  so-calicd  Van  Alloa  bolt  has  inner  and  outer  portions.  Both  protons  and  electrons 
permeate  the  toroidal-shaped  volume  occupied  by  the  Van  Allen  radiation  belts.  The  protons 
are  most  inten.se  at  approximately  4()(M)  km  (2200  miles).  The  electron  Hux  peaks  at 
approximately  I9,()()()  km  (9900  miles).  The  volume  of  low-panicle  density  separating  the 
inner  and  outer  portions  of  the  belt  is  often  called  ilie  "slot.  "  Experience  has  shown  that 
space  vehicles  in  low  circular  orbit,  roughly  230  km  to  6,‘iO  km  (12.S'330  miles)  receive  an 
insignificant  amount  of  radnition  from  the  Van  Allen  zones.  NASA  has  done  an  extensive 
amount  of  modeling  (based  on  flight  test  data)  to  represent  the  radiation  environments  and 
their  variation  with  altitude  and  inclination,  d'he  most  current  models  are  the  AP-X  proton 
model  (Ref.  2)  and  the  AE-S  electron  model  (Ref.  4).  Eigurcs  3,2  3  and  3.2-4  (extracted  from 
Refs.  2  and  4)  illustiatc  the  omnidirectional  Otixes  of  electrons  and  protons  over  various 
tiltitudes  ;ind  incliinttions.  As  seen,  at  altitudes  below  ,300  km.  electron  fluxes  are  about  H)'* 
to  10'"  eleetron.s/emVdtty  and  proton  fluxes  ;tre  about  Hi'  to  10"  protons/cmVcitiy 
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The  radiation  belts  are  approximately  azimuthally-symmetric.  except  near  what  is 
termed  the  South  Atlantic  Anomaly.  The  magnetic  field  strength  is  lower  titan  normal  over 
the  South  Atlantic  because  of  the  dipole  field  geometry.  Therefore,  the  radiation  belts  reach 
their  lowest  altitudes  in  this  area.  The  LDEF  orbit  was  well  below  the  Earth’s  Van  Allen 
radiation  belts,  except  at  the  South  Atlantic  Anomaly. 

The  predicted  integral  fluence  of  the  trapped  electrons  on  the  LDEE  is  shown  in 
Figure  3.2-5  (Ref.  1).  The  predicted  trapped  proton  integral  fluence  for  LDEF  is  .shown  in 
Figure  3.2-6  (Ref  1). 


PREDICTED  INTEGRAL  FLUENCE  OFTRAI’PED  ELECTRONS  STRIKING  LDEF 
(REFERENCE:  LDEF  Space  Environment  Overview,  NASA  Conference  Ihablication  3134) 
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Figure  3.2-5.  Prcdicled  Integral  Fluence  Of  Trapped  Electrons  Striking  the  LDf^F 


The  primary  components  that  contribu'e  most  to  the  penetrating  chargerl  particle 
radiation  encountered  are  galactic  cosmic  rays  and  the  geomagnetically-trapped  Van  Allen 
protons.  Where  shielding  is  less  than  1.0  g/enr.  geomagnetically-trapped  electrons  also  make 
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a  significant  contribution.  For  the  above  figures  (3.2-3  through  3.2-6),  the  standard  Vette 
models  (Refs.  2  4)  were  used  (together  with  the  associated  magnetic  iicld  models  and  the 
solar  conditions).  The  geomagnetically-trapped  electrons  ilominatcd  the  LDFF  surface 
absorbed  radiation  do.se. 


I’RFIDIC'I  LD  INTPC.RAI  d.UHNCH  OF  fKAI’I’FO  I’KOTCVNS  STRIKING  LDFl- 

(REFFkFNCF; 

..OFF  Sp.uv  Uiiviromnvnt  Ovorvievv,  NASA  Coiil'eroius'  I’ublic.itioii  .^l.tl) 
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Figure  3.2-6.  Predicted  Integral  FItieiue  Of  Fraitped  I'roloii.s  .Striking  the  I.DFI' 


Ba.setl  on  observed  rtkli.ition  doses  Irnm  v.irious  ihennoluniine.sceiu  dosimeter  (Tl.D) 
e.speriments,  nuHiel  improvements  have  been  suggested  for  predicting  the  trapped  proton 
angular  distribution  including  botli  the  pilch  angle  aiui  ettst -wcsi  effects  (Refs.  S  X).  As  a 
result  of  these  e.speriments,  predictions  of  the  l.Dl-i'  mission's  lra[)ped  proton  exirosure  have 
been  matie  using  the  currently  accepted  moilels  with  inijiroved  resolution  netir  mission  end 
and  better  modeling  (d  solar  cycle  effects.  .Mission  fluenees  were  reduced  by  20  percent  from 
predlight  predictions.  Ctilculalions  using  direetionaliy-ileiKuulent  trajrped  proton  spectra 
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predicted  smaller  doses  than  those  measured,  being  30  percent  of  measured  values  at  the 
trailing  and  earth  end  and  about  80  percent  near  the  leading  edge  (Ref.  8)'. 

3.2.3  Meteoroids  and  Man-Made  Debris 

The  current  models  which  are  used  most  frequently  to  predict  na'ural  meteoroid  and 
man-made  debris  impacts  on  spacecraft  are  shown  in  Figure  3.2-7  (Ref.  1).  Based  on  the.se 
models,  the  largest  man-made  debris  particles  or  the  largest  natural  meteoroid  particles  one 
should  expect  to  have  impacted  on  the  LDEF  would  be  approxitnately  0.5  mm  in  diameter. 

An  impact  of  a  particle  of  this  size  is  consistent  with  the  size  of  the  largest  crater  observed  on 
the  retrieved  LDEF  (Ref.  1).  These  models  also  indicate  that  in  the  particle  size  range  from 
approximately  0.02  mm  to  0.2  mm  more  of  the  impact  particles  would  have  been  natural 
tneteoroids  rather  than  man-made  debris.  In  the  size  range  less  than  0.02  mm  in  diameter,  the 
models  indicate  that  man-made  debris  particles  should  have  dominated  the  iinpacls. 

'I’he  man-tnade  debris  model  includes  an  assumption  that  the  smttll  debris  particles  are 
in  orbits  similar  to  the  orbits  observed  for  the  large  tracktible  Earth  orbiting  debris  objects. 

The  assumption  means  that  tlebris  ptirt'cles  would  have  impacted  primarily  on  the  leading 
surfaces  of  the  LDEh  and  that  in.)  debris  impacts  should  be  expected  on  the  trailing  LDF.F 
surfaces  (craters  with  man-made  tlebris  resitlue  in  them  have  been  found  on  the  trailing  LDEF 
surfaces)  (Ref.  1).  The  niotlel  for  the  natural  meteorouis  assumes  that  they  approach  the  Eatlh 
randomly  from  all  directions  with  a  distribution  of  velocitie^  that  average  about  20  km/scc. 
This  assumption  means  that  the  leading  surface  of  the  LDEF  would  also  have  been  impacted 


'  riieiiiiiiluniiiiesearii  ilosiineiei  (  I  l.D)  mcasurcnKMiis  in  lour  l.Dfd'  c.siK'niiU’uls  tuivu  vickicil  alxsorlKd  do.se 
as  a  luiR'iion  of  sliieldinn  Itiieknoss  near  llic  ksKlinu  and  liailinu  alucs  and  at  the  F.arth  siilc  ot  the  L.DFF 
vcliide.  A  eo[isisleiil  set  ol  dose  values  is  prodneeil  whieh  dclincs  inueh  ol  llic  l.OFit-  radialion  onvironinenl  and 
piovides  eonipai isons  loi  do.se  eakiikihoiis  iimul'  advaiieed  irapiual  proion  predictions  and  Iransporl  codes  Dose 
rales  up  lo  3.14  mtiv/d  (0.48  a/cm  stiieklinn)  and  down  lo  1. 20  iiKiyAI  (13.4  'yem  shielding)  weie  tound  near 
Ike  liaiknn  criec.  I  ke  dose  lalc  ranee  neai  Ike  le.idiiie.  erlee  was  ()  '8).|  ,22  nifly/d  ( 2.40- 1  ,.(7  gkin  skicklinp) 
and  al  ike  Farlli  end  il  was  1.14-1.80  m(’iy/d  (lO.O-l.'  f.  ji/ein  skieldiny).  (Kcl.  8) 
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more  frequently  by  meteoroids  than  the  trailing  LDEF  siiifaces.  The  meteoroid  models, 
unlike  the  debris  models,  indicate  that  a  substantial  number  of  meteoroid  particles  will  strike 
the  trailing  surfaces  of  the  LUl^F.  (  This  is  generally  consistent  with  the  distribution  of  the 
craters  found  on  the  LDEF.)  Specifics  concerning  each  of  these  environments  follow. 


MOST  PRCQUENTI  Y  USED  MODEtS  R^K  l’KTF)ltTINC:  METEOROID  AND  MANMADE 

dehris  imeact  fluxes  vakvinc;  with  particle  size 

(REFERENCE:  LDEF  Sp.uv  Enviroimiciil  i.Xvrva-w,  NASA  I’ut’lio.itiuii  Sim 


Figure  .L2-7.  Most  Frequenlly  iLsed  Models  Fur  I’redicliiig  Meteoroid  and  Man-Made 
Debris  Impact  I  hives  Varying  With  Particle  .Size 


3.2. d.l  Meteoroids 

Meteoroids  are  solid  ixiriiclcs  moving  m  interplanetary  space  and  originate  from  both 
cometary  and  asteroidai  sources.  Because  ■  I  tlieir  velocity,  tlensity.  and  mass,  meteoroids  can 
cause  damage  to  vehicles  operating  in  space.  I  he  tvfie  and  e.xtent  of  the  damage  dcpeinl  on 
vehicle  si/.c,  vehicle  structural  configuraiion.  and  expo.sure  time  in  sp,ice.  as  well  as  on 
mcicoroirl  characteristics. 
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,■(.2.3.1. 1  Meteoroid  Flux  and  Density.  Figure  3.2-8  (Ref.  1 1)  .shows  a  cui-ve  depicting  the 
meteoroid  flux.  The  data  presented  are  used  to  determine  the  number  of  expected  collisions 
per  year  between  a  space  vcliicle  of  a  given  cross-sectional  area  (in  the  ram  direction)  and 
meteoroids  of  a  given  diameter.  The  meteoroid  flux  curve  is  roughly  approximated  by  the 
following  equatiem,  assuming  a  meteoroid  density’  of  0.5  g/cm'  (see  Refs.  9  and  10): 

log,o(a  =  -14.37-1.213  logjo(m) 


where, 

F  =  cumulative  meteoroid  flux  (particles/mV-sec) 
tn  =  mass  in  grams  (valid  for  10'’  <  m  <  1) 

Reference  10  cites  a  flux  component  for  micrometeoroids  (defined  as  having  diameters 
<  50  pm).  The  micrometeoroid  density  is  generally  assutned  to  be  2  g/cm'  for  these 
particles.  The  meteoroid  flux  for  tlie.se  smaller  panicles  is  given  by  (see  Ref.  10): 


log,o(/T  -  - 14.339 -1.5841og,o(/n)-0.06311og,o(m)]^ 


where. 


F'  -  cumulative  meteoroid  fkix  (particles/nr/sec) 
m  =  mass  m  grams  (valid  for  10  <  m  <  10'’) 


'  Tlic  deii.silv  ol  nK'k'orouis  is  oiicii  li>  serious  uiiceilainiy  as  il  has  noI  Ix'l'II  a  measared  quaiitily.  .Allhough 
iiiclcoiites  haw  I'oi.ii  examined.  the\’  are  eener.illy  eoiisidered  to  liave  been  iiieicoroids  ot  aslcroiilal  origin.  The 
nieleoroid  density  ol  iiiieresl  is  tor  pariieles  udiieh  resiili  Irom  tlic  break-up  ol  ei'inelary  material.  The  eoinetary 
mcieoroid  has  Iven  deseribed  .is  a  eoiudoineraie  oi  dusi  pailieles  bound  logelher  by  Iro/en  gases,  bho  nux-mass 
ielalionshi(i  assumed  a  mass  density  less  ihaii  I  g/ein'.  Values  ol  densily  ealeulaled  Iri'm  phoiographie  and  radar 
oliseivaiions  have  ranged  Irom  0.10  g/eiit'  lo  4  pyem'.  In  as.sessing  the  available  densily  data,  relaled 
:;ssuin|iiiiins,  and  ealeulaluiii  pmeediires.  the  npmioii  is  ihal  Ihe  lowei  densilies  i>blaiiied  tmm  nid.ir  nliserved 
meieor  data  were  noi  reliable  and  ihal  the  higher  rlensiiies  were  noi  ivpieal  ol  eomeiaiy  debris  (Ret.  1  1).  fuoin 
the  assessment.  O  .s  g/i m'  was  etiosen  as  ilie  value  Inr  the  mass  rieiisity  ot  meleoroals  (Ixith  s[)onidie  and  sire.im) 
ot  eomelarv  oriein. 
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3.2.3. 1.2  Meteoroid  Velocity.  Meteoroids  can  approach  eanh  from  both  prograde  and 
retrograde  directions.  The  geocentric  velocity  of  meteoroids  is  expected  to  range  from  1  ]  to 
72  km/sec  on  the  basis  of  celestial  meclianics  (.see  Ref.  11).  Analyses  of  photographic  and 
radar  observations  of  meteors  entering  the  EaiilTs  atmosphere  have  confirmed  this  range. 
Ba.sed  on  the  velocity  information  available,  primarily  from  pliotographic  meteor 
measurements,  and  on  the  basis  of  the  assumption  of  independence  of  mass  and  velocity,  an 
average  atmospheric  entry  velocity  of  20  km/sec  has  been  adopted  as  the  average  velocity  of 
sporadic  meteoroids.  The  probability  disiiibution  for  this  average  velocity  is  given  in 
Figure  3.2-9  (Ref.  11). 
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PROBABILITY-VELOCITY  DISTRIBUTION  FOR  SPORADIC  METEOROIDS 
(REFERENCE:  NASA  Space  Vehicle  Deelan  Criteria,  NASA  SP-B013) 


Fij'ure  3.2-9.  Velocity  Probability  Distribution  For  Sporadic  Meteoroids 


3.2,3. 1.3  (iravitatioiial  Defocusini;  Factor,  riiere  are  two  phenomena  which  influence  the  % 

aciiial  flux  encounteroci  by  spacecraft  in  ncar-Fartli  orbits.  These  plienomena  are  the  • 

gravitational  and  sliielding  effects  of  the  Hanli  and  the  Moon.  The  actual  number  of  ^ 

meteoroid  impacts  eticouiitered  by  a  spacecraft,  obtained  from  liarth-ba.sed  obseiwational 
techniques  and  orbital  direct  measurements,  is  found  to  have  been  enhanced  by  Harth's  ^ 

gravity;  i.e..  the  sporadic  flux  model  is  pravit.uionally-focused.  To  correct  for  the  Farth's  a 

giavitaiioiiai  enhancement  at  a  piven  distance  above  the  I'arih,  the  average  sporadic  or  total  0 

meteoroid  tlux  must  be  multiplied  by  the  defocusing  factor.  'I'he  factor,  as  a  function  of  W 

distance  above  the  center  of  the  Farth  in  Farth  radii  is  given  in  F'igure  3.2-10  (Ref.  10).  • 
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Figure  3.2-10.  Defocusing  Factor  Due  To  F'arth's  (Jravity  For  Average  Meteoroid 
Velocity  of  20  km/scc. 


3.2.3.2  Man-Made  Debris 

VVi'liiii  abmit  2()(l(i  kin  above  ilie  |{ariirs  surlaec  ilicrc  is  an  esiiinaicd  3,0(10, 000  kg  of 
man-matic  orbiling  objocis.  Tlicsc  objeeis  are  in  mostly  high  inclination  orbits  and  sweep 
past  one  anotlter  at  an  average  speed  of  10  km/see.  Most  of  this  mass  is  concentrated  in 
approximately  3000  spent  rocket  stages,  inactive  payloads,  and  a  few  active  payloads.  A 
smaller  amount  of  mass,  approximately  40,000  kg,  is  in  the  remaining  4000  objects  currently 
being  tracketl  by  .Space  (’ommand  radars.  Most  of  these  objects  are  tiie  result  of  more 
titan  00  on  orbit  satellite  fragmenttitions.  Recent  ground  telescope  measurements  of  orbititig 
debris  combinetl  with  aiitilysis  of  hypervelocity  impacts  on  the  retiirneti  surfaces  of  the  Solar 
Maximum  .Mission  .satellite  indicate  a  total  mass  of  approximately  1000  kg  for  orbital  debris 
sizes  of  I  cm  or  smaller,  and  approximately  ^00  kg  for  orbital  debris  smaller  than  1  mm. 


3.2,  Individual  Space  Environment  Specifications 


This  distribution  of  mass  and  relative  velocity  is  sufficient  to  cause  the  orbital  debris 
environment  to  be  more  hazardous  than  the  meteoroid  environment  to  most  spacecraft 
operating  in  Earth  orbit  below  2000  km. 

Mathematical  modeling  of  this  distribution  of  orbital  debris  predicts  that  collisional 
fragmentation  will  cause  the  amount  of  mass  in  the  1  cm  and  smaller  size  range  to  grow  at 
twice  the  rate  as  the  accumulation  of  total  mass  in  Earth  orbit.  Over  the  past  10  years,  this 
accumulation  has  increa.sed  at  an  average  rate  of  5  percent  per  year,  indicating  that  the  small 
sizes  should  be  expected  to  increase  at  10  percent  per  year. 


3.2.3.2.I  Debris  Flux  and  Density.  The  cumulative  flux  of  orbital  debris  of  size  d  and 
larger  on  spacecraft  orbiting  at  altitude  h.  inclination  /.  in  the  year  /,  when  the  solar  activity 
for  the  previous  year  is  S,  is  given  by  the  following  equation  (Ref.  12): 


F{d,h,i,t,S)  =  k  •  •  T(i)  •  IF,(d)  •  g,(t)  -  F^{d)  •  ^^(0] 


where 


and 


F  =  flux  impacts  per  square  meter  of  surface  area  per  year 
k  =  1  for  randomly  tumbling  surface:  must  be  calculated  for  a  directional 

sui'face 

d  =  orbital  debris  diameter  in  centimeters 
t  =  time  expressed  in  years 

h  =  altitude  in  kilometers  (h  <  2000  km) 

S  =  1.'^ month  smootlicd  10.7  cm-wavclength  solar  Oiix  expressed  in  lO'*  Jy; 

retarded  by  1  year  from  t 
i  =  inclination  in  degrees 


^(h,S) 


r:  s/140  -  1.5) 


1 
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F^(d)  =  1.05x10'* 

F^id)  =  7.0x10’°  •  {d  +  700)"* 
p  =  assumed  annual  growth  rate  of  mass  in  orbit 
g,{t)  =  (1  -  2  •  pf  ' 

^2(0  -  (1  +  Pf 

An  average  11 -year  solar  cycle  has  values  of  S  which  range  from  70  at  solar  minimum 
to  150  at  solar  maximum. 

To  illustrate  the  application  of  this  model.  Figure  3.2-1 1  (Ref.  12)  shows  an  example 
orbital  debris  flux  (compared  to  the  meteoroid  flux  from  Ref.  1 1)  for  a  500  km,  30°  orbit 
with  t  =  1995,  k  =  1.0,  and  S  =  90.0. 

The  average  mass  density  for  debris  objects  1  cm  in  diameter  and  smaller  is  2.8  g/cm’. 
The  average  ma.ss  density  for  debris  larger  than  1  cm  is  based  on  observed  breakups,  arca-to- 
mass  calculations  derived  from  ob.served  atmospheric  drag,  ground  fragmentation  tests,  and 
known  intact  satellite  characteristics.  This  density  has  been  found  to  fit  the  following 
relationship: 

p  ,  ,  =  2.8  • 


The  inclination -dependent  function  \}/  is  a  ratio  of  the  flux  on  a  spacecraft  in  an  orbit 
of  inclination  i  to  that  flux  incident  on  a  spacecraft  in  the  current  population's  average 
inclination  of  approximately  60°.  The  flux  enhancement  factor,  y,  is  shown  in  Figure  3.2-12 
(Ref.  12). 


.3-17 
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J.2,  Individual  Spacn  linvirannient  Sprci/lcatioiis 


I 


3.2.3.2.2  Orbital  Dohris  V'elocHv  and  Direction  Distribution.  Averaged  over  all  altitudes, 
tlie  unnorniali/.ed  collision  velocity  distribution,  i.e.,  the  number  of  impacts  with  velocities 
between  r  and  r  +  dw  relative  to  a  spacecraft  with  orbital  inclination  i  is  given  by  the 
following  ctjuations; 


yiv)  -  (2  •  V  •  -  v^)  •  (G  •  + 

(F  •  e  °  +  //  •  C  •  (4  •  V  •  -  v^) 


where  r  is  ilie  collision  velocity  in  kilometers  per  second,  A  is  a  constant,  and  B.  C.  D.  E,  F. 
G.  IE  and  are  functions  of  the  orbital  inclinations  of  the  spacecraft.  The  values  of  the.se 
constants  anti  parameters  are  as  follows; 


A  = 

2. .6 

li  = 

0..^ 

i  <  60 

(1..S  -  0.01  (i-60) 

60  <  i 

<  80 

O.."! 

i  >  80 

C'  = 

0.012.^5 

i  <  100 

0.012.5  +  0.0012.5  (i  -100) 

i  >  100 

D  - 

1.,^  -  0.01  (1  -  .20) 

11  = 

0.55  r  0.005  (i  -  .20) 

}■  = 

()..2  +  0.0008  (i  -  .50)-’ 

i  <  50 

0..2  -  0,01  (i  -  .50, 

50  <  i 

<  80 

0.0 

1  >  80 

(1  - 

18.7 

i  <  60 

18.7  4  0.0289  0  -  60)' 

60  <  i 

<  80 

250.0 

i  >  80 

11  := 

1.0  ••  0.0000757  (i  -  60)’ 

-- 

7.25  +  0.015  (i  -  .20) 

i  <  60 

7.7  1  >  60 
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When  f(v)  is  less  than  zero,  the  function  is  to  be  reset  equal  to  zero.  An  example  for 
the  unnonnalized  collision  velocity  distribution  for  an  inclination  at  30°  is  shown  in 
Figure  3.2-13  (Ref.  12). 

There  are  other  methods  which  have  produced  larger  values  for  the  average  relative 
velocity  between  a  satellite  and  a  piece  of  space  debris  in  LEO.  By  using  the  tracked  debris 
population  provided  by  radar  ob.servations,  the  average  relative  velocity  may  be  calculated 
through  numerical  simulation  of  po.ssible  encounters  or  through  direct  averaging  (Ref.  13). 
Both  of  the.se  methods  derive  an  average  collision  velocity  of  10  km/s.  Figure  3.2-14 
(extracted  from  Ref,  1 3)  shows  the  range  of  relative  velocities  from  various  altitudes  and 
orbital  inclinations. 
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Calculations  have  been  done  recently  supporting  near-term  strategic  programs  for  the 
number  of  impacts  per  square  meter  by  panicles  of  various  sizes.  Figure  3.2-15  (Ref.  14) 
shows  a  typical  set  of  results  for  the  number  of  expected  impacts  as  a  function  of  altitude  at 
60°  inclination  for  the  environment  expected  in  the  1996-2002  timeframe.  A  description  of 
the  relative  impacts  versus  position  of  LDEF  trays  is  presented  in  Appendix  A.  A  more 
detailed  description  of  the  meteoroid  and  space  debris  environments  and  effects  is  contained 
in  Chapter  6. 


AVERAGE  REUTIVE  VELOCITY  AS  A  FUNCTION  OK  ALTITUDE  AND  INCLINATION 
(REKERENCE:  MckNIGHT.  D.  DISCERNING  THE  CAUSE  OF  SATELUTE  BREyiKUPS. 
PRESENTED  AT  THE  AAAS  MEETING.  BOULDER.  Co..  1-5  APRIL  1986) 


Figure  3.2-14.  Average  Relative  Velocity  Kxpected  Hctween  An  Oliject  and  A  Piece  Of 
•Space  Debris  As  A  Function  of  Altitude  and  Inclination. 


3.2.4  Ultraviolet  (IJV)  Kadiation/Solar  F.xposure 


The  .Sun’s  exireme  ultraviolet  (FU'V)  and  IIV  output  varies  in  a  pattern  simihn  to 
sunspot  number  (SSN),  and  this  variability  translates  into  a  variation  of  energy  av.ulable  to 
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the  thermosphere.  The  resulting  variation  of  exospheric  temperature,  in  turn,  produces  a  solar 
cycle  variation  of  atmospheric  density.  Since  little  EUV  radiation  reaches  the  ground, 
direct  EUV  flux  observations  have  been  made  only  rarely.  However,  we  can  infer  the  value 
ba.sed  on  solar  radio  flux  measurements  at  2800  MHz  becau.se  EUV  and  2800-MHz  fluxes 
have  shown  a  fairly  good  correlation.  The  2800-MHz  flux  is  better  known  as  the  10.7-cm 
flux  (or  Although  the  coirelation  is  not  exact  (and  varies  from  one  sun.spot  cycle  to  the 

next),  the  patterns  are  similar  enough  to  be  u.seful.  The  F, ,,7-flux  history  for  the  LDEF 
mission  is  shown  in  Figure  3.2-16  (Ref.  1).  The  widely  varying  levels  of  solar  activity  were 
monitored  by  the  Fm 7-flux,  but  rdso  by  counts  of  solar  flares  and  Sun  spots  and  by 
measurements  of  the  geomagnetic  index. 


Figure  3.2-15,  INunibcr  of  Debris  Impacts  v.s.  Altitude,  1996-2002  Feriod,  60° 
Inclination  From  the  Ram  Direction 
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rimii'c  3.2-16.  Solar  aciivily  as  iiulicalcd  by  the  K,|,7-l''lux  recorded  during 
the  time  of  (he  I.DKK  mission. 


The  luimbci'  of  sun  hours  to  wliich  I, DTI-  experiments  were  exposed  is  a  function  of 
orbit  (e.y.,  eclipse  times,  etc.)  ami  stin  (i-anple.  'I'hc  ctilcuhitetl  cumulative  et|uiv;tlent  sun 
hours  for  each  I. Did'  tray  row  is  presented  in  detail  in  Appendix  A. 

3.2.5  Vacuum 


NIeiilectina  the  eontrihuiion  from  I, Did-  generated  contamination,  the  molecuhir/atomic 
density  tuijacent  to  the  individu.il  l.DId-  surfaces  at  any  iiiven  time  was  dependent  on  the 
LDId-  orbital  altitude,  the  solar  tictivity',  ami  the  orient;ition  of  the  surface  with  respect  to 
the  l.DId-  velocity  vector.  The  density  increased  as  the  altiiudc  tiecreased  and  as  the  sohir 


'  The  t.Dl-a'  ivas  laiiiielied  inlo  l-arili  oilni  ai  ilie  liiiir  ol  iie.ii  iniiiiiiiiiiii  .lelivuy  in  ilie  .Sun's  t  t-vear  sotai 
cvete  aiul  was  relrieveil  alinosi  s.7s  yeais  taiei  ai  a  linie  dI  himi  ina.\iniiini  solar  aeliviiy,  tins  snlai  cyele  is 
liniiul  1(1  liave  near  lecoul  Nielis  Im  solar  acliviiv. 
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activity  increased,  The  density  also  built  up  adjacent  to  leading  surfaces  as  a  result  of  ram 
effects,  and  it  diminished  adjaceiit  to  trailing  surfaces  as  a  result  of  wake  shielding  effects. 

The  ambient  molecular/atomic  density  along  the  LDEF  orbit  was  lowest  early  in  the 
mission  while  the  LDEF  orbital  altitude  was  above  about  450  km;  the  solar  activity  was  near 
minimum  (approximately  1.86  x  HP  molecules/cm').  The  predominant  molecniar/atomic 
species  at  that  time  were  atomic  oxygen  (approximately  1.56  x  UL  molecules/cm')  (see 
Chapter  3.2. D,  and  nitrogen  (second  in  abundance  with  a  density  several  orders  of  magnitude 
lower  than  die  atomic  oxygen). 

The  ambient  molecular/atomic  density  along  the  LDEF  orbit  was  highest 
(approximately  6.58  x  10’*  molecules/cm')  late  in  the  mi.ssion  when  the  orbital  altitude  had 
decayed  to  approximately  320  km;  the  solar  activity  had  increased  to  near-record  highs.  The 
predominant  moleculai/atomic  species  at  that  time  was  still  atomic  oxygon  (approximately 
5.42  X  1(L  molcculcs/cm')  and  nitrogen  was  still  second  in  abundance  (approximately  1.06  x 
10’'  molecule.s/cm'). 

The  ram  effects  made  the  molecular/aiomic  density  adjacent  to  surfaces  on  the  leading 
sicie  of  the  LDEl-  ajiproximately  an  order  of  magnitude  higher  than  the  ambient  density.  The 
wake  shieUiing  effects  rcxluccd  the  moleculai/atomic  ticnsiiy  adjacent  to  surfaces  on  the 
trailing  side  of  the  LDEF  more  than  an  order  of  magnitude.  (  I'he  molccular/atomic  densities 
presented  abo.'c  vvere  extracted  from  Ref.  1). 

3.2.6  IVJicrogravity/Accolcrations 

The  LDEF'  experiments  were  exposeil  to  very  low  accelerations  during  the  mission 
since  the  platform  was  passively  stabili/.eii  and  there  were  no  systems  on  board  to  generate 
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vibrations  or  shocks.  The  acceleration  level  at  the  center  of  the  LDEF  remained  less  than 
10  '  g  throughout  the  mission. 
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CHAPTER  4 
EDEF  OBSERVATIONS 


On  LDEF  there  were  57  ditTcrcnt  expcrimeiits  in  86  trays  which  were  divided, 
according  to  Boeing,  into  mechanical,  electrical,  thennal,  and  optical  experiments.  The 
purpose  of  tliis  .section  is  to  identify  and  collate  the  published  data  from  LDEF  experiments 
relating  to  space  optics.  (Discussions  on  de.sign  implications  of  these  data  are  defeired  to 
Chapter  5.)  At  this  time,  the  reduction  and  reporting  of  the  on-orbit  data  by  the  LDEF 
experimenters  are  not  complete.  This  .section  contains  the  data  that  have  been  reported  to 
date  by  the  experimenters.  The  structure  of  this  handbook  was  designed  to  allow  periodic 
updates  as  atlditional  data  reduction  is  reported  by  the  LDEF'  experimenters. 

4.1  SUMMARY  OF  LDEF  OPI  ICAL  MATERIALS/EXPERIMENTS 

There  are  literally  hundreds  of  optical  materials  from  which  a  system  designer  can 
choose.  These  are  catalogued  in  references  such  as  the  Handbook  of  Military  Infrared 
Technology  and  individual  glass  manufacturer  catalogs,  among  others,  A  representative  set  of 
current,  statc-of-the  ;irt  optical  materials  and  designs  were  tested  on  LDEF.  This  experimental 
data  set  provides  valuable  insights  into  the  space  response  of  modern  optical  materials  and 
designs. 

The  optics  flow'it  on  LDEF  can  be  divided  according  to  a  number  of  individual  design 
features:  refraciive/reflective,  substrales.Avindows,  coating.s/filter.s,  UV/visible  or  infrared  HR) 
transmission,  etc.  To  make  this  handbook  as  useful  as  possible,  a  numlx'r  of  groupings  have 
been  established  to  categorize  LDEF'  materials.  Table  4.1-1  shows  the  groupings  followed 
within  this  handbook  and  identifies  the  I, DEI-  materials  w'ithin  each  group  that  arc  included  in 
this  section.  Optical  design  parameters  associated  with  the  materials  in  Table  4.1-1  and  tested 
on  LDEF-  arc  di.scusseti  in  the  following  .section. 


4-1 


4.1 .  Siininuiry  of  LD Eh'  Opiicol  Malcr  'iulsiExperiincms 


Tal)le  4.1-1.  Optica!  Coinpoiients  Flown  on  LDKF 


OPI  ICAl.  COMI'ONKNTS 

l.DKJ  MA  I  KRIAl.S 

OpiK  al  (ilasses  and  Crystals 
(Keiiactivc  ami  F^onociive. 
UV/Visih|c  and  IR) 

.AInniino.silicaic,  boro.silicalo.  lead  silicale.  [xitasli  horosilicatc,  .Sdd,,  soda 
lime  silica,  soda  iiolasli  lime,  titanium  silicate,  black  glass  (low  scalier), 
CaF..  OdTe.  Ge.  .‘ti,  KR.S-5,  KRS-b.  ZmSc.  Hal-',.  Al.O.,  Corning  7940, 
Sn(ira.sil  W.  Ge  (polycrysialline.  Iiigli  purity),  and  1' V  transinis.sive 
windows  (MgP,.  sapphire  |A1,0.|.  CaF.,  LiF.  and  SiO,) 

Optical  Fillers 
(UV/Vrsildc  and  IR) 

Cd.Se.  Cie,  PbTe,  l‘bF\.  .SiO.  ZiiS.  Ciyoliie  on  SiO,.  SiO  on  SiO,.  Till',  on 
SiO,.  .Aniirejeciion  (AR)  coaling  on  MgF,.  a.ssoried  optical  bandpass 
tillers  Iseiween  0..^  and  1.1  pm  (Scholl  glas.ses).  neutral  density  fillets 
(Coiion),  narrow  baiul  (C  orion).  hoi  mirrors  (Corion  vi.sible  iransmilling). 
Lvman  alpha  and  lf>0()  A  UV  fillers.  AFO,  (in  SiO;.  MitF;  on  SiO,. 
tissorled  OCl.l  fillers,  and  Ge  on  SiO, 

Mc'ia!  Filnis/MiiTois 
{Roflociivc. 
fJV/Visihlc  and  IR) 

Ay.  on  SiO..  Al  on  SiO..  .Au-pl;iled  Al  |2024-T.Ts  1 1.  Au-plaled  Al  1600.^1. 

All  on  SiO..  Ir  on  S;0.,  Nb  on  SiO,.  Os  im  SiO,.  Pi  on  SiO,.  Cu  on  SiO., 
on  C.  Ay  on  SiO,  fa  on  SiO,.  W  on  SiO.,  Sn  on  SiC)..  Zn  on  SiO.. 
OSR  mirrors  |Aii.  Al.  A.i;!.  miilybdcmini  mirror,  and  diamond  turned 
copper  mirror 
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Tlicrc  arc  a  nuinhcr  of  paraincicrs  associaicci  with  llic  implies  slunvii  in  Table  4.1- 1  tliat 
arc  impoiiaiu  parts  of  ojrtical  system  clcsign.  The  vtiliic  of  ilic  l.DIil-  tiata  is  in  the 
characterization  of  tlie  deenniation  of  these  parameters  ;is  the  oiMicttI  materials  are  exposed  to 
the  sptice  environments, 

t-'rom  a  system  perforiiKince  viewpoint,  the  deeisulatuin  of  e.teh  individual  optietil 
clement  can  deertuie  system  peifoimanee.  i'or  extimple.  if  transparent  elements  tire  degraded 
by  the  space  environments,  these  deeradalions  ctin  chtinee  the  element  transmission,  can 
mercase  the  scatter  anti  absorption,  tind  can  rleertide  the  overtill  imaee  resolution.  For  optical 
emttines,  environment  lienradations  can  alter  the  wttvelenuth-dependeiu  transmission  anti 
reflection  properties,  can  mituile  othei  types  of  damtipe  (such  ;is  deteiioralion),  and  can 
contaminate  other  nearby  optical  components.  On  l.DLb,  experiments  were  eoiKlucteii  to 
examine  the  tleeradatinn  uf  transparent  elements,  optical  coatinus.  ami  o'her  nutterials  (such  as 
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ditfusc  paints).  Degradation  of  these  elements  due  to  darkening,  contamination,  erosion, 
discoloration,  impacts,  pitting,  or  delamination  caused  by  space  environments  was  analyzed  by 
the  LDEF  experimenters. 

I  able  4.2-1,  Materials  versus  Ellccts.  provides  a  guide  to  the  parameters  tested  on 
LDEF  for  optical  materitils  th;it  have  been  publislied  to  d;ite  and  arc  includcti  in  this  chapter. 

I  he  table  divicics  the  optictil  elements  flown  on  LDEF  (see  Section  4.1)  into  refractive  and 
leflcctive  components,  including  substrates,  et^atings,  tillers,  ;ind  minors  as  well  as  other 
components  of  interest  like  qutirt/  crysttil  microbtilanccs  (QCMs).  'Fliesc  elements  are  listed 
dtrwn  the  left-httnd  column  of  the  mttirix  in  Fable  4.2-1.  Across  the  letp  of  the  intitrix,  the 
parameter  ettects  thttt  are  of  concern  to  system  optical  perfornitince  tire  identified. 

Within  the  ci'oss- reference  matrix  are  filleci  circles,  hollow  circles,  anti  empty  cells, 
l  illed  circles  identify  datti  seetions  where  datti  are  discu.s.setl  thtii  have  been  retiucetl  ami 
reported  by  the  I.DF.F  experimenters.  The  hollow  cireles  identify  dtila  .seetittns  where  reduced 
iind  lepoiled  data  htive  been  louml  timi  are  generally  applictible  ic>  mtiierials  liiscussetl  within 
that  section,  but  tire  diseussed  elsewhere  within  this  eluipter.  (Following  the  matrix  eoiumn 
up  or  tiown  from  the  hollow  circles  will  show  where  seclitms  contain  the  actutil  data 
tiisciissions,  tis  mtirketl  by  ti  lillctl  circle.)  Fmpiv  cells  within  the  matrix  ideiitifv  tiivtis  where 
dafa  tire  not  avtiilable.  An  empty  ceil  does  tun  necesstirily  metin  that  there  was  no  experiment 
in  this  category  on  LDFF\  but  perhaps  thtii  the  datti  have  not  been  reduced  and  reporieil  by 
the  LDEF'  experimenters.  As  this  handbook  is  updated,  these  cells  wall  be  filled  tis  tlie  new- 
data  are  brought  into  the  htindbook. 


I  he  numlx'i'ing  index  in  the  table  also  provides  ti  convenient  index  of  where  the  data 
are  located  in  this  section,  f-or  example,  suppo.se  otie  wishes  to  examine  the  dtita  btise  on  the 
elfccts  of  AO  on  uncoateti  refrtictivc  optics  tor  ti  visible  sensor  system,  i'he  section  number 
within  which  to  tind  these  data  is  found  by  combining  the  imtiees  of  succeeding  levels  of 
indenture  from  tin;  table.  The  left  hami  index  on  materials  shows  that  uncoated  lefractive 
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optics  for  visible  systems  are  addressed  in  section  .3.1  of  Chapter  4  (4.3.1)  and  AO  is 
addressed  in  section  .2  of  4.3.1.  Thus  one  would  locate  that  data  in  Section  4. 3. 1.2  of  this 
report. 


Table  4.2-1.  Materials  Versus  Effects  Matrix 


MATEKJAl 

.1 

.2 

3 

.4 
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.7 

EFFECTS 
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T  R 
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A  F 

N  L 

S  E 
MC 

I  T 

S  A 

S  N 

I  C 

O  E 

N 

/ 

D 

A 

R 

K 

E 

.M 

I 

N 

C 
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T 

R 

E 

S 

S 

c 

o 

N 

T 

A 

M 

1 

N 

A 

T 

I 

O 

N 

R«frjctivf 

UvA'is 

.1  UncoaOd 

• 

• 

0  1  • 

• 

• 

• 

J  Coiled 

o 

• 

*  1  * 

• 

f 

0 

•« 

R«fra<;tiv» 

Infra  r«d 

.1  Uncoiled 

• 

O  1  •  '  o 

o 

o 

• 

^  Coated 

o 

O 

o  1  o 

o 

o 

c 

.5 

Coitings 

Viiibir 

.1 

o 

o 

o 

• 

0 

.1 

• 

0 

o 

O 

o 

m 

.7 

Filters 

L'VA/isible 

.1 

• 

.8 

Filters 

Infrared 

.1 

• 

.9 

Mirrors 

.1 

• 

• 

o 

o 

o 

• 

1 

Mirrors 

Second  Surface 

.1 

• 

• 

Quartz  Crviul 
Micro  Balances 

.1 

• 

• 

.12 

Related 

Optical 

Experiments 

.1 

• 

• 

• 

• 

• 

• 

• 
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At  the  beginning  of  each  of  the  following  data  sections  is  an  "a"  table  which  lists  the 
materials  addressed  in  that  section,  the  experiment  location  (so  that  the  environments  may  be 
detennined  from  Appendix  A),  the  tables  and  figures  related  to  that  material  (which  are  in 
Appendix  I(),  and  comments  which  are  applicable  to  each  table  or  figure  [aich  table  or 
figure  in  Appendix  F.  identifies  the  reference  from  which  it  was  obtained,  the  experiment  on 
which  it  was  flown,  and  any  appropriate  comments  concerning  the  tlala  and  the  results 
observcti.  A  section  may  also  inclinlc  a  '  b"  table.  A  "b"  table  lists  data  pertinent  to  the 
section,  but  the  data  are  discussed  in  detail  in  another  section.  The  section  in  which  the  data 
are  discussed  is  referenced  in  the  table. 

In  reporting  on  the  I.DFF  observations  for  the  mtiterial  flown  ;uid  for  w'hich  the  data 
have  been  rctiuced.  it  was  <d'ten  ditficult  to  decide  how  to  place  optical  material  within  the 
groupings/pattttneters  as  shown  in  fable  4.2-1.  F'or  exam|iie.  when  nailiiiayer  o|)tical  filters 
were  flown,  it  ;ilso  might  be  aiiiiropriate  to  include  the  iTighi  daft  .  'n  ■  section  covering 
coated  refractive  optics  Ix'sides  re|)oiting  the  flight  data  in  tl'e  '  .cs  v.-choi,.  Ih'wever,  in 
order  to  a-mid  needless  duplieation.  it  was  decided  th;it  expe./  i,  m  daia  would  he  di.scus.seii 
oaK  onee. 

Materials  which  aix-  ap|>'icable  to  more  titan  i  i  ooiieal  ■  ■  oi y  (e.g  .  Mgh;  is  used 

I  or  hedi  DV  and  IR  optical  systems)  are  di.scussed  i'lst  once  m  the  most  relevant  section  (.see 
the  'a  '  and  "b"  table  discussion  above)  In  addition  .1  iie  he.-’.iiining  of  the  m;i|or  sections  is 
a  table  lliat  shows  when  etTects  lor  speeitie  opfcal  m.iicruns  .ne  cross  referenced  to  other 
sections  This  tivoids  needless  text  duplication  .■■.id  tepoihion.  To  make  this  handbook  the 
most  useful  to  o[itical  ilesigners.  when  it  is  appro|ui;iie  to  discuss  FlfFil-  results  for  optical 
materitils  from  other  sections,  a  sumtutiry  table  of  those  mtilerials  is  provideil  and  cioss 
relerences  are  given  to  direct  the  reader  to  appropii.ite  sections  containing  the  primtiry  data 
discussion.  (  This  table  is  identitied  with  a  "b"  suffix  indicating  that  the  (irimary  data 
disciis.'.ioii  for  these  materials  are  in  oiher  sections  and  not  in  the  current  section,  fhe  data 
ilisciission  section  for  these  materitils  is  identified  in  ;i  footnote  to  the  "b  "  table  ) 
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4.3  REFRACTIVE  OPTICS  FOR  IJV/VISIBLE  SYSTEMS 

A  variety  of  refractive  optics  materials  was  flown  on  LDEF  that  transmit  in  the 
UV/visible  wavelengtlis.  The  LDEF  data  currently  available  for  UV/visible  refractive  optics 
are  discussed  below  and  arc  sulxlividcd  into  uncoated  and  coated  configurations.  Table  4.3. a 
shows  a  summary  of  the  experiments  containing  refractive  UV/visible  optics.  Table  4.3. b  is  a 
cross-reference  of  the  UV/visible  refractive  optics  tlown  on  l.DEE  cross-conelated  with  the 
kinds  of  effects  studied  on  LDEF  for  these  materials. 


4.3.1  Uncoated  IJV/Visiblc  RtTraclive  Optics 

4.3. 1. 1  Impact  Effects 

All  LDEF  UV/visible  refractive  optics  samples  suffered  some  impact  damage  due  to 
either  micrometcoroids  or  man  -matle  debris.  Impact  damage  consisted  of  various  nicks  anti 
chips,  or  small  tiuasi-hemispherieal  craters  surrounded  by  spalls  with  conchoidal  surlaces. 
■Spalls  exientled  out  by  a  factor  of  .3  to  20  times  the  central  crater  size.  Radial  cracks 
generally  extciuletl  two  times  the  spall  diameter  beyond  the  spall  region.  In  some  ca.ses 
stringers  tir  fificis  t)f  molten  material  were  oKservetl. 

The  major  effect  of  the  impact  tiamage  is  to  prtHiuce  tin  increase  in  optictil  scatter,  but 
apparently,  only  negligible  changes  in  ovenill  reflectivity  or  transmission  (see  Sections  4.3. L3 
aiui  4.3. 1.4  below).  This  is  expected  Ix'cause  of  the  overall  low  value  of  fractional  area 
affected,  ('htipter  6  discusses  the  overall  ex|)ectations  for  hypervelocity  impacts  on  optics. 
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l  ablt  4.3.a.  Kxperiinont  Summary  for  Refractive  IjVVVisible  Optics 


KXritRIMl.M 

RKI  RACTIVK  1! V/VISIItl.K  ORIK  Al.  MA  I'llRlAI  S 

A()147 

Uiieoatcd  lii.sal  silica  and  I'uscd  silica  combiiialions 

A()I7I 

C'oatcii  luscd  silica 

Al)172 

lincoalctl  fused  silica,  low  iron  .soda  lime-silica  ulass,  Pyrex  7740 
glass.  Vycoi  7ni.t  glass,  BK-7  glass,  and  Zenxiiir  glass  ceramic 

MIMKl.t-: 

Uncoaled  luscil  sdica  ('r2?  .Sti]icisil-Wl ,  Ameisil)  ami  coaled  liised 
silica  (Mgl'O 

MI)l)().t-7 

AI.O,  oil  .SiO..  Si  on  SiO,.  Nab.  on  Sit), 

SIKlia 

Uncoaled  liiseil  silica 

.Slill.sti- 1 

Cal';.  M.i’i';.  I  II-'.  Al.(l,  (synllielic  sapplinei  and  uncoaled  liiseil  silica 

,SI)(l,S(l-.t 

Uncoaled  liised  silica,  uncoaled  UI.IO",  Ul.li'^'/Ag  coaling,  ami  coaled 
lii.scil  silica  (AR  ci'alings.  solar  reicciion  coalings) 

'l  abic  4.3.1.1a  summari/.es  and  provide.s  a  jiuidc  lo  the  mtilerittls  coiiiaiiied  in  this 
.section.  I  able  4. .hi.  lb  shous  relereiiees  to  related  niaterials/elleets  eovereti  in  other  sections 
of  this  handbook. 

In  jiener.d,  the  iiiipttei  liaiittice  to  the  fused  silica  consisted  tW  variuus  nicks  ami  chips, 
01'  small  cniasidH'mispherii,al  craters  Miiromided  Iss  surtaee  spalls  wnh  eoiichoidal  surfaces. 

I  111’  spalls  produced  the  equivalent  of  wide  shallow  craters  ai'ound  the  central  ciaters  pi'oper, 
vsith  the  spall  e.stendinp  out  by  tactors  ol  to  20  times  the  centiLil  cratei'  si/.e.  In  some  cases 
radial  cracks  c.Mcndcd  out  beyond  the  spall  reaion.  eencrally  by  a  factor  ot  about  two  (imes 
the  spall  diameter,  but  occasioually  by  much  larger  factors.  This  effect  tended  to  occur  oulv 
for  the  larper  impact  craters.  I-or  most  cases  die  imptict  dtimaiic  was  verv  loeali/.ed  to  the 
immediate  vicitiity  ot  the  itiiptict  sites.  In  .some  cases  .some  siiKill  residue  from  the  impactor 
was  observed,  or  "strineers/l ibers"  of  molten  fused  silica  were  observed.  The  number  and 
sizes  ol  the  craters  were  largest  for  the  leadinp  edpe,  as  expected  (Ref.  1). 
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Table  4.3.b.  Refractive  Optics  for  IJV/V'isible  Systems  Flown  on  LDEF 
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•  D.na  ii’fiiaWKai  in  ihi-*  -.iMn-n 

0  n.ii.i  t  niii  aiin’ii  in  iilhi't.  tiitvs  i(’|(‘ii'{u  i’«i  vi'i1n«iiv 


linpacis  mi  oilier  ojiiieal  eki'iscs.  iiicliKliiip  BK-7,  Pyrex,  ULP''",  and  Zorodur  londod 
to  he  similar  to  tliose  in  tnsed  siliea.  This  is  expeeted,  siiiec  the  major  ditrereiiees  in  tliese 
glasses  (for  impaet  res]ionse)  are  mostly  in  melting  temperatures,  eompressive  yield  strength 
iiiui/or  t'nieture  toughness,  l.ouer  melt  temperatures,  together  svith  the  possibility  of 
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differemial  t’raciionation  of  the  coni[)oncnts,  associated  with  BK-7,  can  be  expected  to  allow 
bubliles  to  more  readily  t'orni,  and  such  were  seen  surrounding  some  impact  craters. 
Likewise,  lower  melt  temperatures  will  promote  more  ".stringer/fiber"  production  within  the 
craters  and  a  larger  "melt  zone"  around  the  crater. 
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Table  4.3.1.1b.  Impact  Kt’fccls  Data  Base  for  IJncoated  Refractive  IR  Optics  Applicable 
to  Uncoated  llV/Visible  Optics 


MATKRIAI.S 


t'uscd  Silica' 


S.O,' 


M(;uRi;s 


I.DKF 

LOCATION 


DO 


DO 


1)4 


COMMKNIS 


Lxixtsoii  60  nunillis.  L(x;ali/.C(1  cliip|iiiij;  and  Iractiirc 
cxiendinj;  many  panicle  dianiclcis. 


Daina(;c  areas  aic  |x>tential  lnj;h  scalier,  liijrh 
absorplion  areas. 


No  discernible  clianjies  except  lor  debris. 


Uala  ii'lcvanl  io  Ihis  oiatcii.il  is  liisuisscd  iit  .Sccimn  4  III 


During:  impact,  ejecta  with  the  highest  velocity  is  ^.lencraled  closest  to  ilic  central  pil. 
According  to  tlie  model  after  Melosli  (Rel.  2).  a  particle  impacting  at  a  velocity  of  1.^  km/s 
produces  ejecta  with  velocities  up  to  .S  km/s.  Presuming  fibers  were  produced  by  tlte  highest 
velocity  ejecta,  the  time  to  pull  fibers  lt)()  pm  in  length  was  about  2  x  It)’*  seconds  (Ref.  1). 
[Damage  surrounding  the  im|iacls  exiemls  to  a  radius  about  .S  times  tlte  ceniral  pit  radius. 
Rubbles  escaping  the  melt  region  of  a  i^K-7  .sample  indicate  temperatures  and  itressures  at 
impact  reached  those  neederi  for  vapori/.aiion  of  the  micrometeorite  and/or  glass,  lividence  of 
vaporization  was  observed  in  BK  7  ami  soila  lime  silica  glasses  which  contain  volatile 
components  (Rel.  I).  One  ol  the  tliree  imjt.iets  observed  in  /z'lodur  shows  no  evidmice  of 
melting  (Rel.  I ).  I'hesc  two  glasses  arc  clearly  the  most  volatile  of  those  glasses  examined  in 
dial  they  include  relatively  low  boiling  eom|ionent.s,  unlike  the  Ryrex  or  fused  silica  glassvs 
which  did  not  display  evidence  of  bubble  evolulion.  The  ma|or  effect  of  the  im|iact  dam.ige 
produceti  a  significant  increase  in  opiical  scatter,  but  appaienily.  only  negligible  ciianges  in 
overall  reflectivity  or  transmission.  This  is  expected  because  of  the  overall  low  value  of 
Iractional  area  atleeteii  (Rel.  1).  ('hapier  (>  discusses  the  overall  expectalions  tor 
hypervelocity  impacts  on  optics. 

Crater  shape  is  relatively  independent  of  impact  angle  for  impacts  at  angles  greater 
than  10  '  Irom  the  surface  plane  of  the  target.  I’rojs’ctile  shape  largely  determines  crater 
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shape,  even  for  normal  impact.  Impact  features  believed  to  arise  from  micrometeorites 
incident  at  angles  between  20°  and  45°  have  been  ob.served  in  lunar  craters.  The 
unsymmetric  glass  ejecta  or  debris  field  as.sociated  with  the  impact  in  the  Pyrex  sample  is 
evidence  that  impact  occuired  at  an  oblique  angle.  Tlie  formation  of  frozen  strands  of  glass 
develops  in  the  early  stages  of  impact.  This  would  account  for  the  extension  of  filaments  in 
the  direction  of  impact  before  excavation  of  the  crate"  was  complete.  Also,  radial  cracks 
extending  from  the  impact  extriipolate  to  an  origin  off  center  of  the  excavation  in  the 
direction  of  the  splash.  These  observations  indicate  the  projectile  velocity  had  a  large 
component  in  the  direction  of  the  debris  field  (Ref.  1).  There  are  a  number  of  ground-ba,sed 
experiments  that  siippon  these  observations  (c.g..  Ref.  3).  The  effects  of  oblique  impacts 
have  also  been  confirmed  by  Cl’Il  hydro-code  modeling  (c.g..  Ref,  4). 


4.3. 1.2  Atomic  Oxygen 

Fused  silica  flown  on  experiment  80050-2  was  found  to  be  resistant  to  the  atomic 
oxygen  (AO)  environment,  as  expected  for  an  oxide,  and  no  significant  erosion  Vv'as  ob.served. 
'fable  4.3.1.2a  summarizes  and  provides  a  g.uide  to  the  materials  contained  in  this  section. 

falili*  4.3.1.2a.  Atomic  Oxygen  Data  Ba.se  for  lliuoatecl  Refractive  UV/Visible  Optics 


1  If  a  iR I  S 

i.Dia- 

I,()(  AllON 

COMMKNTS 

F'u.seil  .Silica 

Ndiie 

V:.5 

No  damage  was  discernible 

4.3. 1.3  Scatter 

Fused  silica  was  found  in  general  not  to  Ix'  resistant  to  the  scatter  effects  as  expected, 
though  no  tii.scernihle  damage  was  olxserved  except  for  metallic  film  fragments  on  the  suifacc. 
Ttible  4.3.1.3b  shows  references  to  related  maierial.s/cffects  covered  in  other  .sections  of  this 
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Iiancibook.  The  data  shown  are  from  experiment  M()0()3-2.  leading  edge  samples,  and  are 
typical  of  observed  fused  silica  responses.  This  higli  scatter  response  is  consistent  with  the 
susceptibility  of  leading  cdgic  samples  to  impact  cratering  (see  Section  4.3. 1.1)  producing  high 
scatter  sites  (Ref.  5). 


Table  4.3.1.3b.  Scatter  Kffects  Data  Ba.se  for  Dneoated  Refractive  IR  Optics 
Applicaltle  to  lincoated  UV/Visible  Optics 


MA  I  KRIAI.S 

KKJl'RKS 

I.DKK 

l.OCAIION 

COMMKN'IS 

liised  Silica' 

Lb. 36 

179 

liupaci  sites  prixlucc  areas  of  liigli  scatter 

13.37 

[79 

7()-iiu)iuli  c.s(X>sure.  .Scatter  miciisiiy  trout  crater  center 
live  limes  that  of  hackgrou'ul.  Frticliire  lines  are  high 
scalier  siles 

E.38 

Sctiiler  varies  hy  two  orders  of  nuignilnde  ttcross  the 
sill  l  ace 

13.39 

1)9 

Cleaning  reduced  sciillcr  three  orders  of  nitignitude 

i:.4() 

1)9 

7(l-nioii|h  ex]H)siiie  siinilai  to  9-monih  e.xposiirc 

'  h.tlit  icldv.inl  111  ihi.s  tn.ikti.tl  ;»K*  iliwtis'cti  iti  .ScUmn  I  l.i  ^ 

4. 3. 1.4  Absorption/  rransinission/Reflectance 

Hecause  of  organic  contamination,  theic  was  a  significant  decrease  in  the  transmission 
of  all  samples  from  experiment  .S()().'i()-2.  .After  cleaning  the  fused  silica  and  IT.b’''’  samples 
transmission  returned  to  nearly  pre-tlighi  values  No  data  are  available  on  the  eltects  ot 
cleaning  on  the  other  samples. 

Table  4.3.1.4a  summarises  and  provides  a  guide  to  the  materials  contained  in  this 

section. 
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Table  4.3.1.4a.  Transmission  Data  Base  for  Uncoated  Refractive  IJV/Visible  Optics 


MATERIALS 

FKJLIRES 

LDEF 

I.OCATION 

COMMENTS 

Fu.sed  Silica 

E.IO 

E5 

Cleaning  returned  samjile  to  pre-flight  values 

ULETv  Gla.ss 

E5 

Cleaning  returned  sample  to  pre-llight  values 

CaF, 

E.12 

E5 

Organic  contaminant  on  both  surfaces,  Catasliophic  loss 
in  UV.  Transmission  ranges  from  0  at  2()0Mm  to 

50  (KTcenl  at  ISOnm 

MgF, 

■ 

E5 

Organic  contamina'ion.  Catastrophic  loss  in  UV.  Belter 
Ilian  CaF,  and  Lii-  because  organic  ciMUaminaiion  is 
only  on  front  surface. 

E.S 

Same  as  E.1.1. 

LiF 

E.FS 

E5 

Similar  to  CaF, 

E.16 

E.S 

Similar  to  E.I5.  Catastrophic  loss  in  UV. 

A1,0. 

None 

ES 

Organic  contaminalion.  Substrate  docs  not  transmit 
below  1,50  nm 

SiO. 

None 

E5 

Organic  coiiiamination.  Substrate  does  not  transmit 
below  150  nm 

In  the  S()()5()-l  cxperinicnt  materials  overall,  the  transmission  of  imcoatcd  fused  silica 
was  observed  to  decrease  by  about  30  to  50  percent,  mostly  in  the  wavelength  range  of  200 
nm  to  700  nm.  The  major  cause  of  this  was  contamination  from  other  LDHF  cotnponents,  in 
particular  silicon-rich  deposits  thought  to  be  from  outgassing  of  RTV  silicones.  After 
cleaning,  the  transmission  generally  returned  to  the  pre-flight  values  within  about  1  percent 
(Ref.  6). 

Because  of  this  organic  contamination,  there  was  also  a  significant  decrease  in  the 
transmission  of  CaF,,  MgF^,  LiF.  AROj,  and  SiO,.  1  he  ratio  of  the  contaminated  CaF\  flight 
sample  to  the  ground  controlled  sample  showed  the  transmission  monotonically  increasing 
from  zero  at  200  nm  to  more  than  50  percent  at  3H0  nm  (Ref.  0).  The  higher  transmission 
measured  for  the  MgF,  wiiuU/W  relative  to  the  Cal-,  and  FiF  windows  was  probably  due  to 
the  fact  that  there  was  no  back  film  on  the  MgF,  window  (Ref.  0). 
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As  observed  from  the  50050-2  experiment,  there  was  a  signifieant  decrease  in 
transmission  of  the  uncoated  ULH'''’  glass  (up  to  43  percent)  post-flight  over  the  wavelength 
range  of  330  to  1000  nm.  However,  this  was  due  to  contaminant,  and  the  original 
transmission  was  recovered  after  cleaning  (Ref.  7).  Of  interest  is  the  fact  that  the  density  of 
the  contaminant  deposited  on  the  sample  varied  fictween  coatings  and  substrate  materials.  As 
an  example,  prior  to  cleaning,  the  transmission  of  the  uncoated  fu.seti  silica  sample  was 
reduceti  from  94  to  68  percent  ttt  330  nm,  while  that  of  the  uncoatetl  ULE'  '’'  sample  reduced 
from  94  to  43  percent  (Ref.  7). 


4.3.!. 5  Darkening 

No  radiation  darkenitig  was  observetl  in  the  fu.sed  silica,  and  changes  in  transmission 
were  associated  only  with  the  surface  contamination,  or  (slightly)  with  impact  damage 
scatteritig.  Also,  no  dtirkcning  was  observed  for  ULE'^'.  even  though  UI.E''''  is  known  to  be 
particularly  sensitive  to  radiatioti  dtirkcning  (Ref.  X). 

Table  4,3.1.3a  summari/.es  atid  provitles  a  guide  ti'  the  tnaierials  cotitnincd  in  this 

sectioti. 


Table  4.3. 1. 5a.  Darkening  Kffecls  Data  I5a.se  for  lincoated  Kefraclive  liV/Visible  Optics 
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liighcr  orbital  aitituiies,  it  is  anticipated  that  concenis  about  radiation  darkening  should  be 
increased  because  of  the  increased  severity  of  tlie  radiation  environments. 


4.3. 1.6  Strc.ss 


Stresses  v./ere  measured  in  .some  l.DEF  samples.  Both  compression  and  tension 
stresses  were  ob.served,  though  the  magnitudes  were  small.  These  small  strcs.ses  were  found 
to  have  negligible  effect  on  optical  performance,  including  the  CaF^  sample  even  though  a 
micrometcoroiti  impact  forced  cleaving  in  the  .sample. 

Table  4.3.1.6a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 

section. 


Mechanictil  testing  of  glasses  impacted  by  inicrometeorites  was  perfoimed  using  a 
tliametral  flexure  test.  The  test  subjects  a  centrally  loaded  disk,  supported  at  three  points,  to 
dynamic  loading  in  a  controlletl  environment.  This  methotl  of  testing  eliminates  effects  of 
flaws  on  the  periphery  of  the  sample  (Ref.  1). 

Mechanical  stresses  imposed  on  the  tensile  surface  of  the  sample  during  mechanical 
testing  are  s'  mmetric  with  respect  to  the  loaiiiug  points  of  the  fixture.  Impacts  not  occurring 
in  the  geometrical  center  of  the  sample  are  subjected  to  stresses  less  than  the  maximum 
applietl  stress.  No  micrometeorite  or  space  debris  imp;tcts  occurred  in  the  geometrical  center 
of  the  samples  and  no  fracture  was  ob.served  (except  forCal-'.)  U/  inititite  from  surface  flaws 
trssoeiated  .Mih  luieromcleoiiie  or  space  debris  impac's  (Ref.  1). 
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Table  4.3.1.6a.  Stress  KfTeets  Data  Base  for  Uneoated  Kefiaetive  UV/Visible  Optics 


loIaiIon 


tOMMIlNIS 

.Strcnctli  of  exposed  sample  iiidislinpiiishalile  from 
eoTtirol  sample 

Sireiir'lli  of  exposer!  samirle  imiisliiipiiisliable  from 
control  sample 

.Stieineili  of  expo.sed  sample  indisliiipiiislialrie  Irom 
control  sample 

.Strenjtlli  ol  exposeti  sample  inriisimpnisliaMe  from 
r  onirol  sample 

Siren;;lli  ol  exposed  sami'le  mdistmr.iiishahle  Irom 
control  s.imple 

.Strenyili  of  e.xiiosed  sami'le  indistinpinsltahle  from 
conliol  sample 

Streneih  rrf  exposed  sample  iiulisiiiiraiishal'ile  liom 
r  onirol  s;im['le 

I'raeliired  sample 

'I'lie  hieliesl  stress  at  an  inipael  site  was  .“iO  percent  oT  the  stress  to  irrodiiee  t'ailiire. 

'I  lius  it  is  tieilueed  tliat  the  elTeet  ol  itiieronieteorite  or  space  (tebris  itiipaets  retitieed  the  rdtiss 
streiieili  by  less  than  30  pereetil  lor  the  iniirtieis  expericneeti  in  these  e.speriiiienis.  A  p;iil 
troni  ilie  crater  visible  on  the  surface,  ilaniaue  to  yhiss  extends  benetith  llie  fktw  a  distance 
depcndiinz  on  jH'opaeation  ol  the  radial  cracks,  'Tlionuh  a  niicioiiieteorid  may  not  petietraie  the 
jzhiss.  the  resiihine  delect  iouers  the  maximum  stress  the  class  is  capable  of  sustiiimnu  belore 
fisicture.  Stress  concentration  developed  by  the  inesenee  of  a  surface  impact  deenutes  the 
strength  with  ;i  stiuam  root  depeinlence  on  flaw  si/e.  lusicture  meclninics  permit  ctilculation 
of  stieniith  from  fhov  si/e  ;n:d  Inicture  ittiiehness  parameters.  Assuming  the  thimaee  fiekl 
from  ti  micrometeonte  or  space  debris  impact  is  hemispherical,  the  influence  of  impact 
diimage  penetnitini:  to  ;i  depth  of  lOO  am  decreases  the  slreneth  lo  1.3  percent  of  the 
metisiired  vttltie.  Httsetl  on  these  .iretimcuits,  failure  of  the  /.erodur  stmiple  shotild  htive 
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initiatcci  at  the  impact  site  witli  an  applicii  load  at  the  acoinoiric  center  ol'  the  sample  of'  less 
than  lOOMPa  (1  kbar).  This  sug^tests  the  extent  of  (.laniage  below  the  impact  is  actually  no 
greater  than  1/4  the  radius  of  the  crater  observed  on  the  surface,  thus  a  hemispherical  danitige 
zone  surrounding  the  impact  site  is  not  true.  'Phis  accords  with  the  evidence  that  craters  in 
glass  are  usually  shallow'  relative  to  their  diameters  Ixtcause  of  surface  spalls  (Ref.  1). 

'I'he  .SOO.'rO  ^  samples  were  measured  irhoioelastictilly  for  stress  before  anil  after  f  light 
using  birefringence  polarimetry.  The  control  samples  were  also  measured  for  comparison 
puriroses.  A  summary  of  tlie  observed  SOO.SO  ^  results  follows  (Ref.  7): 


•  On  the  uncoated  glass  and  high  reflectance  silver  cotited  samples,  the 
conttiminant.  on  the  average,  induced  a  com|rressive  stress  of  42  psi,  After 
cletining,  the  stress  levels  clo.sely  matched  tnose  of  the  irre-flighl  mcMsurements. 

•  On  the  fused  silica  tuilireflecttince  coaled  sam[)le.  the  contamintml  did  not 
induce  any  mettsurable  stress.  A  stress  clningc  could  not  be  measured  on  the 
solar  rejection  cotilcd  sam|des  due  to  the  high  level  of  stress  in  the  eoadiig,  tuid 
the  variation  in  stress  between  samples.  A  reduction  in  the  stress  levels  in  this 
coating  was  mettsured  on  both  the  f'lighi  ;ind  ci>ntrol  sam[iles.  No  significant 
stress  chiinge  was  measured  between  the  flight  samples  after  cletining  tind  the 
control  stimples. 


I’he  mierometeoroid/deliris  imptict  on  the  ('tiP.  .stimpie  from  experiment  ,'\()(l.‘sf) 
occurred  netir  the  edge  of  ilie  sample  holder.  I’he  imp.iei  crater  wtis  about  I  mm  in  diameter 
with  a  spalliition  zone  ditmieter  of  about  .o.S  mm.  The  substrate  cleaved  m  two  directions 
outward  from  the  crater  site  to  the  opposite  sides  of  the  s.imple,  tiiid  at  tin  angle  of  about  15  ". 
bretiking  the  stimple  into  three  pieces  This  veiilies  the  frtig.ile  tiiul  brittle  naliire  ol  Cal',  tis  a 
substrtite  iiitUerial,  xvhile  remaining  opiictiily  functional  (Ref.  Ifi). 
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4.3. 1.7  Conlaininatioii/Dclcrionitioii 

A  brown  discoloration  caused  by  a  contaminating  film  was  evident  on  most  of  the 
S005()-l  LDl'l'  samples.  The  film  appeared  brittle.  No  discoloration  of  bulk  optical  material 
was  noted. 


Table  4. .3. 1.7a  summari/.es  and  provides  a  guide  to  the  materials  contained  in  this 


section. 


lahle  4.3. 1. 7a.  (lonfamination  Data  Hase  for  lincoaled  Refiaclivc  lIV/Vi.sil)Ie  Optics 


COMMKNI.s; 


Oig.'iiiic  f'iliii  appearal  hi'illle 


iVeuMse  III  iiaiisniiitaiKe  iliie  to 
eoiilaniiiialion 


Oigaiiie  I'lini  pivseni  on  hoih  sin  laces 
Organic  lilni  ai'peared  sprayed  on 


Orpanie  lilni  preseni  on  Isilh  sin  laces 

1  .illle  eoiilaniiiialion.  .Showed  siilisiiale 
seleelivity 

Oivanie  lilni  pieseiil  on  holli  siiles 


A  I'ourier  Transtbrm  Inir.ired  (T’TIR)  speciromeler  opiimi/.ed  for  the  .V4  um  speclial 
region  was  used  to  measure  thin  organic  films  on  exiieriment  .S()(1.S()-1  samples.  Strong 
narrow  methyl  and  methylene  absorption  bands  are  in  this  (.T4  um)  spectral  region.  The  .S.4 
),im  contamination  measurements  on  the  Mgl-..  Calo.  and  I.iT  wiiuiows  were  typical  of  many 
hydrocarbons.  This  probably  is  a  result  of  ne.irby  material  outgassing.  Th.e  absence  of  .V4 
pm  absorption  on  SiO^  showed  substrate  .selectivity  (Ret.  6). 
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U iui)iiU’cl  Ri'jnidivi'  Opiiis  fur  l/\'iVisihlc  S\'sr(’/>is 

I’lunofiraplis  of  the  Mul',  wiiuluw  sliowcil  sliarp  cdjios  of  tlic  ticlhcrinj;  film  iiuiicaling 
tlic  film  is  hriitie.  Paiienis  on  the  film  iiKiieaie  the  comaniiiiant  may  lx;  of  low  viscosity.  I.il' 
photoprajihs  imlicate  ti  simiyed  texture  to  the  film  (Ref.  6). 


4.3.2  Coiited  llV/Visil)k'  Kcfiactive  Opfie.s 
4..f.2.1  Impiicl  I'ilTecls 

A  specific  (lisciissioii  of  materitils  relalcii  to  lliicotited  Rcfnictive  IJV/Visible  Optics  is 
presented  in  .Section  -l.b.l.l,  Impacts  l{ffects  on  IR  Coatittps.  In  general,  all  .samples  showed 
sottie  im|Xiel  effects.  Those  samples  f  lown  on  experiment  M()00.V2  tinil  oti  the  leaiiing  edge 
(itt  locatimis  DS  ami  l)d)  showed  seveial  microfractiiies;  the  trailing  edge  .samples 
experienced  ent/ing  as  the  |)iimary  effect.  'The  Naiy.  on  SiO,  sample  flown  on  experimetit 
M()()(),V7  slnuved  delaminatioii  and  damtige  (hiyer  retiiovai I  hy  solar  IJV  and  AO.  'I'able 
-1.  V2.lh  shows  references  to  rehtfed  materials  covered  In  other  handbook  chapters. 


l  altle  4..^. 2. II).  Imitacf  IdTecIs  Dala  Kase  for  llV/Visihle  (,’oalings  Applical)lo  to 
Coaled  Kefractive  llVVVisihle  Optics 


M  A  1  i:ni  AI..S/ 
.SliliSTUA  1  (• 

»  K.I  KI  S 

1  i)i;i' 

I.OCAllOiN' 

COMMl'NT.S 

Mrl-  ■ 

1...1/ 

l)n 

1  )aiii:i:'c  o  Iik.iIi/ciI 

N:il-  ' 

1  .IK 

1)') 

l>aiii.ire  lavai  n  niow-il  lioin  aioiiiuf  iinpacl  due 
to  1 !  V  oi  .'\( ) 

Ci/A^’/IIiT',' 

1.  in 

on 

()vci.ill  (Tiiiiai’''  .iioa  is  si-vvial  link's  i  ialri  si/e. 

<  iMiiiii'  lailiin'  IS  obseivi'il. 

A;’  1  (  M  .t  )  jS\  ]'  (Ml 

1  'ohslu'tl  .SiIk  (Ml  ' 

T.sn 

l)S 

Mk  lolku  Hik'd.  roiiod(.'il.  i  lali'K'd 

Ai.t 

l-.sl 

l)t 

Mk  loli.k  Ink'd.  1  lakk'd 

An.s,  ,■ 

i-.s.' 

l)t 

(  Kl/Cil  filsi  oloU'ij 

Aii  = 

l-.st 

1)1 

t  'ik  liaii'.'i'd 

I  ."!) 
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4. 3.2.2  Atomic  ()xy!»en 

At  the  present  time,  no  (htta  have  been  t'oimd  for  tltis  section. 


4. 3. 2.3  Scatter 


l-'or  Mgb,  cotUeii  silicti.  the  iiKiiicoii  scatter  was  found  to  be  less  for  tlie  leaditip  edne 
than  for  the  trailing  one.  This  result  was  essentitilly  the  satne  for  both  9-inotith  attd  69-motith 
exposures  (Refs.  .S  attd  9). 

As  showti  in  i  igure  I'.2X.  there  was  over  an  order  of  tnagttiiucle  ehatige  iti  the 
bidireetionttl  refleettinee  ilistribittiott  function  (BRl)l')  above  3)  degrees  delta  theta  (Ref.  7). 


Table  4..V2..Ti  sittnm;tri/es  the  tnateritils  and  provides  comments  coticernitig  the  dattt 
ettntained  in  this  section. 


ruble  4.3.2.3U. 


Scatter  KITects  Data  Base  tor  (’oated  llV/Visible  Kefractive  Optics 


M  \  rKktAI.,S 


Mgl'./l-'ii.sed  .Siliea 


IKaiRK.S 

I,I)I.K 

l.OCAIION 

( OMMRN  I  S 

I-:. 27 

1)0 

l)t 

l.eading  (.dge  sliowcd  less  seattei  ill, in  trailmg 
edge 

l-.ds 

i-.'i 

increase  in  seallei 

4.3.2. 4  Absorption/'I'ransmis.sioii/Renectance 

■Ml  of  the  substrates  and  coatings  experienceil  a  sigtiificant  performatice  reduction  after 
flight,  but  tiftet  cleaning  with  nortnal  solvent  tlrag  means  (except  for  the  AR-co;tted  samples 
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which  could  not  be  cii'aned),  the  sample  optical  poiioi'niance  returned  to  the  pre-flight 
measured  values  (Ref.  7). 


'fable  4.3.2.4a  summarizes  and  provides  a  guide  to  tlie  materials  contained  in  this 
.section. 


'fable  4.3.2.4a.  Ab.sorplion/rraii.smiUance/kcneclattcc  Data  Ha.se  for 
C'oated  Refiaclive  IJV/Visible  Optic.s 


MAIKKIALS/ 

COATINtJS 

1  KaiKK.S 

l.DKK 

l.OCAHON 

COMMiKNIS 

[■'ii.scd  silica/ 
.Solar  reject  ion 

. . . 

[■;.s 

C'onlaminalion  reiliiceii  iiansmission.  t'leaning  rcliirneii 
saiitple  to  pre  llii’lit  value. 

I:..U1 

io 

C’oiiiamination  reduced  iransiuission.  (.'leaning  relurneil 
sample  lo  luedlighi  value. 

"1 

Ul,f'M/Ag 

b.S 

Conlaminalion  reduced  iransmi.ssion.  Cleaning  lelurned 
.sample  lo  jue-ijighi  value. 

l-'irseil  Silica/ 
Aiili-relleclion 

V-.\2 

i;s 

(.'oiilaminalion  reduced  iransmi.ssion.  Normal  eleaning 
meiluxl.s  not  elTeelive.  Needeil  exposure  lo  o.xygen 
plasma  lo  improve  ix'il'ormance 

'fable  4.3.2.4b  shows  icferenccs  to  rel.ited  mtilerials/effects  covered  in  other  sections 
of  this  handbtrok. 


■fhe  flight  samples  from  e.s|icrimenl  .SOObO  2  were  measined  for  opiie.il  irerl’ormance 
from  3.‘s()  to  1200  nm.  Of  interest  in  the  measurements  is  the  fact  that  the  optical  density  ol 
the  contaminant  deposited  on  the  sample  varied  between  coatings  and  subsiiale  materials.  As 
an  example,  the  tiiinsmis.sion  ol  the  uneoaied  fused  silica  sample  was  reduced  from  ‘ft  to  OX 
percent  at  350  nm,  while  that  of  the  uneoaieil  III. 10''  sample  was  reduced  from  O.t  to  4.5 
percent  (Ref.  7|. 
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Table  4.3.2.4b.  Absorption/rraiismission/Rcflectance  Kffects  Data  Base  for  HV/V'isible 
(^oaliiifis  Applicable  to  (’oaled  Refractive  I'VVVisible  Optics 


MAIKRIAI.S/ 

.SOH.STkArK 

IKJORIS 

I.OCA  noN 

COMMKN  I  S 

Al-Muiy 

HICiM  Gl.iss' 

b;.4i 

B^ 

( liilsnie/iii.siile  .samples  had  sipmOeanily- 
reilueod  relleelaiiee  over  all  waveleMplIis. 

Thla-Ap/ 

B  1  fiM  tiliLss' 

i-:.42 

B7 

( liiisiiie/iiiside  samples  showed  lililo  etianpc  in 
relleelaiiee'  over  all  waveleiiplhs. 

AI.O.-Ay 

Kanipeif 

i■:.4.! 

B  t 

Oiilsiile/insiile  samples  had  sijmilieamlv- 
rediieeil  reMeelanee  e.seepi  al  the  blue  einl. 

AI-Mpl-y 

Kaiiipcii' 

l•:.44 

Bt 

Iiisule  sample  had  sijaiifieaiit  iviliielion  m 
reller  laiiee  at  upper  end.  (hilside  sample  had 
sijaiilie.ini  rediieiion  aeri'ss  the  emire  baiul. 

MpO-Mpl'V 

Blow  (Hass' 

|•..4.S 

lit 

In.side  sample  showed  sliidil  shill  in 
lelleei.nue.  Omside  samiile  had  liiile 
rediK  lion  al  ihe  blue  end  bnl  a  sliphi  sliilt  to 
the  hieh  end. 

bi.HO 

Bi 

lit 

Insiele  s.imple  showed  a  sifaiiheanl  reehiilion 
in  iransmillaiiee  al  Ihe  blue  end.  Outside 
sample  had  a  .sij.aiirieani  rediieiioii  in 

Ir.insmissioii  al  ihe  blue  end  and  a  sliehi 
lediK  lion  al  Ihe  upper  end. 

Visible  KKiO  iiMi 
inirror/I  i(  ).-.Si( ),  on 

B  l(i(vl  ( il.is.s' 

None 

Keniaineil  oplieally  elln  lenl. 

I  irU’N  atll  lit  tills  Ill.di-I  l.ll  .ll\  III  Si  I  t  l<  'll  I  I  -I 


^  I'or  liic  case  of  an  aniiicl icetion  (AR)  coaiinp  (SiO/l'i( ).)(/v  --I.Ob  (iin  vcavolcn^cili )  the 

0  tiansiiiission  liccrca.scd  hv  up  in  40  percent  al  47S  nm  and  20  percent  at  000  nni,  hut  aelually 

®  increased  by  10  percent  at  bOO  nin.  These  elTeets  were  due  to  a  ennianiination  layer.  I'lie 

enntaiiiiuation  was  not  reniovalrle  by  normal  solvent  drap  means.  An  atlenipl  to  remove  the 
^  contamination  'asinp  an  oxvpeii  plasma  for  hours  only  partitilly  restored  the  liansmission. 

^  and  the  im|)rovement  was  only  aboui  10  percent  and  was  limited  to  the  waveleneih  ranee  of 

A  to  nm  (Ref.  7). 
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I'or  a  saiiipio  with  a  solar  rojeciion  coatiiij:,  the  post-f'liglit  transmission  was  almost 
idsMiical  to  tlic  pro  I'liglit  values,  with  a  pLUvent  decrease  in  the  wa.velenpth  range  of  1000 
to  I  I ,s()  nm  ( Ref.  7 ), 

A  high  relleetanee  silver  eoateil  flight  sample  (with  eiMitaminaiit)  tiiui  a  control  stimple 
vsere  measured  for  HRIDI-.  A  near  order-of-magnilude  increase  in  scattered  light  was 
metisured  tihove  10"  delta  theta  on  the  flight  sample  versus  that  of  the  control  sample  (Ref. 

7). 

Darkonitig 

No  raditiiion  tlarkening  was  evident  on  either  the  111.11'''’  or  the  fused  silieti  glass 
sulvsli'.ites  flown  in  experiment  SOO.S()-7.  The.se  results  tire  consistent  xv'ith  expectations  for 
the  clectri'ii,  proton,  and  I'V  environment  in  the  I. Did'  orbit  where  the  radiation  environments 
.tre  tairly  benign,  bor  higher  orbital  tiltiliides.  it  is  anticiptiled  tluit  concerns  tibout  raiiiatioii 
darkening  of  Ul.l,'''’  should  be  incrciised  because  of  the  increased  seventy  of  the  radiation 
environments,  (’tire  sluuild  be  tiikcii  in  the  use  i>f  Dl.l-d'’  at  these  higher  tiltiUides  (Ref.  M), 


.Siress 

l  or  both  -AR  CO. mugs  and  solar  reieetion  eo.itings  tested  in  e-X|ieriment  SOO.'rti  2.  very 
little  ehtinge  in  stresses  was  olisi-ixed  lor  post  llighi  versus  pre  llighi  (Ref.  7). 

fttble  1.  kJ.fi.i  summ.in/r's  and  provides  a  guide  to  liie  mtiti'iials  eont. lined  m  this 


sect  ion. 
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I  ablo  4.3.2.6a.  .Stress  Data  Ila.se  for  floated  Refractive  llV/Visil)le  ()|)ties 


maii;kiai.,s/ 

co.vriNt; 

1  KiliHKS 

I.OCA  noN 

COMMr.Nl.S 

hii.si'il  ,Silieti/Ak 

I'.td 

h.s 

( 'oiiiaiiiiiiant  did  not  inliodiice  iiK'iiMiitihk'  slrcss 

l  ii.soil  .Silica/ 

h.  V! 

IX 

('oiittiMiiiianl  dill  iioi  iiiirodiice  iiu'.isiirahk'  siir.ss 

.'\K/l  liu'otilcd  side 

i:i,i;''VAp 

i:.(t 

IS 

■Allci  clc.iniiis;.  pic-  and  posl-lliplil 
iiicasniciiieiiis  were  iciy  siiiulai 

'I'hc  sainplcs  '.vei'c  nK'a^^llVll  iiliotoelastically  lor  stress  helore  ami  tiller  t’lijrlil  iisiiiii 
biretViiipeiiee  pol;iriiiKlr\ .  1  lie  eoiitrol  stnnples  svi-re  tilso  me.isureil  for  eonip.irisoii  iniiposes. 

A  siiminary  of  the  results  lollows  (Rel.  7); 


On  the  linen. ited  plass  ami  hieli  reflecl.tiiee  silver  coated  stiiiiples,  the 
eoiitainiii.ini.  on  the  tiverape,  induced  ;i  compressive  stress  ol  42  psi.  After 
cleainnp,  the  stress  levels  elosely  matched  those  of  ilu’  pie-flieht  measurements, 

On  the  lused  silica  AK  cotited  sample,  the  contamiiuinl  did  not  induce  any 
meastirahle  stress. 

A  sires-  chanpe  could  not  he  measured  on  the  sohir  rejection  coated  samples 
due  to  the  hiph  lesel  of  stress  in  the  coaiiiip,  .ind  the  \  :iriaiion  in  stress 
lielU(.eii  s.inijile.s. 

No  sipnil Ktiiil  sliess  ehanpe  was  metisiiieii  heiueen  the  fliphl  s.imples  tiller 
cle.iiiinp  and  the  control  stim|>les.  'flu-  sliesses  tilso  mtiinl. lined  their  sipiis, 
with  eoinpressions  n  intiininp  compressions,  etc. 


4. 3. 2. 7  ( ’out timi.'al ion/I feli-riorat ion 

X  fay  I’hotoeleelroii  .Spectroscopy  (.XI’S)  analysis  of  experiment  SOO.SO  2  stimples 
showed  the  siihsirales  and  coatinps  to  he  covered  with  a  thin  layer  of  polymer  which 
coniainerl  silicon.  The  sonlamintint,  a  liehi  hrown  stain,  wtis  removed  fairly  easily  with 
norm.il  cle.ininp  techni(|ues  (eseepl  for  the  AK  cotuinp)  iKef.  7). 
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Table  4.3.2.7b  .sliow.s  referciiees  to  related  iiiaterials/etTects  covered  in  other  .sections 
of  this  handbook. 


Table  4.3.2.7b.  C'ontariiination/Deterioralion  Effects  Data  Base  for  IJV/Visible  Coatings 


Applicable  to  Coaled  UV/Visible  Optics 


MATKRIALS/ 

siin.srRA'n; 

IKilJRKS 

I.DKI 

I.OCATION 

(’OMMKNtS 

# 

A 

tie/Zii.S/riilV 

None 

n} 

I’celing  ol  coaling  due  to  vacuum  or  itiernitil 
cycling 

W 

• 

'  l)iiut  H’lcv.ini  to  (Ills  niiUoiiai  ati-  ptcsciUfii  in  .Si\li«>ii 


'  or  most  of  the  experiment  S()050-2  samples  the  eoniamiiiimi  was  silica-like  in  nature, 
but  on  the  UI.l'.'''  substrate  and  the  AR  coating,  the  cmitniniiumt  was  visibly  darker  and 
appeared  simihir  in  structure  to  the  silicone  of  the  rubber  gtisket  which  was  used  to  inotint  the 
optics.  However,  tieither  the  rehilive  atomic  percentages  or  the  relative  si/.es  of  the  silicon 
aiul  oxygen  petiks  from  the  XI’.S  conclusively  prove  tluit  the  contaminant  is  a  residue  from  the 
moutiiing  nibbci  gtisket.  Other  silicon  sources  must  be  considered  as  well  (Ref.  1 ). 

Depth  sputtering  through  the  AR  cottting  clearly  shows  the  .SiO/l'iO.  Itivers  for  both 
the  control  and  Might  samples.  However  the  I  light  samj^le  has  a  hiver  ;it  the  surlace 
approxiiinitely  .30  A  thick,  rich  in  ctirlion  tuid  silicoti.  The  caiTon  content  rises  a.N  the 
contiimination  hiyer  is  spuitered  tiway  tiiul  disappears  til  the  conitimintitior,- AR  layer  interface, 
riie  total  lime  reijuired  to  spntter  to  the  bottom  of  the  Si(),/Ti()_,  layers  was  almost  identical 
for  both  the  flight  and  control  samples.  Since  the  hardness  of  the  roating  on  both  samples 
were  assumed  to  be  similar,  the  sputtering  rates  would  have  been  equivalent,  mtikitig  the  total 
coating  thicknes.ses  the  same.  Thi.s  indicates  tliat  either  the  top  surface  of  the  flight  cotiting 
has  been  removed  and  replaced  with  the  silicon/carbon  laser,  oi-  the  silicon/carbon  has  fused 
into  the  SiO,  layer  iRef.  7). 
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4.4  REFRACTIVE  OPTICS  FOR  IR  SYSTEMS 

A  variety  of  refractive  optics  materials  was  flown  on  LDEF  that  transmit  in  the  IR 
wavelengths.  The  LDEF  data  currently  available  for  refractive  IR  optics  are  discussed  below 
and  are  subdivided  into  uncoated  and  coated  configurations.  Table  4.4. a  shows  a  summary  of 
tlie  experiments  containing  refractive  IR  optics.  Table  4.4.b  is  a  cross-reference  of  the  IR 
refractive  optics  ilown  on  LDEF  cross- correlated  with  the  kinds  of  effects  studied  on  LDEF 
for  these  materials. 


Table  4.4.a.  Experimeiil  Suinniary  for  Refractive  IR  Optics 


KXPK.RrMKNT 

KKI  RACTIVK  IR  ()I>1  ICAI.  MA  I  I.RIALS 

1  ■  "  ■ 

A()l.^84 

ZnSc.  ZnSc7ZnS7I  hl-4  on  ZitSc 

AO  147 

Llitcoalcil  lusod  silica 

A()I71 

Coatcxl  lusod  silica 

AO  172 

Unc<>alod  fused  silica,  low  iron  soda-liinc-silica  glass. 

Fyic.x  7740  glass.  Vycor  7913  glass,  BK-7  glass.' and 
/.ciodur  glass  ceramic 

M(KKU-2 

tliicoalod  fused  silica  ('r22  .Supersil-Wl  .^rtlcrsil)  aiiil 
coaK‘d  fused  silica  (Mgl\) 

M(l()0.t-7 

AI.O,  oil  ,Si()..  ,Si  on  SK),.  N,il'.  on  SiO, 

S(K)14 

I  Jiii  oaled  liised  silica 

.S(K)5(1-I 

Cal'.,  Mgl-,.  I.il',  AI.O,  (syiilliciic  sa|'|iliiie)  an  i 
uMcoated  fused  silica 

.StKlfiO--: 

t  liicoaicd  liised  silica,  uncoaicd  Ul-h"'',  ULIO  'VAg 
coaling,  and  coaled  luseri  silica  (AR  coalings,  solar 
rcicciion  coalings) 
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•  Dala  c ntitaincti  in  lliiv  sinliini 
0  Data  iciin;niK*(l  in  titlun,  imss  si’ilit’iis 
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Table  4.4.b.  Refractive  Optics  for  IR  Systems  Flown  on  LDEF  (Cont.) 


KFFKCTS 

I 

A 

s 

■S 

C 

M 

H 

I 

c 

() 

P 

n 

MM 

K 

A 

N 

A 

M 

■■ 

r 

■H 

C 

I 

HI 

r 

MA  TF.RIAl.S 

T 

C 

mm 

N 

F 

M 

.S 

■I 

I 

R 

/ 

() 

N 

N 

I) 

/ 

(; 

K 

K 

I 

t; 

K 

i' 

K 

H 

1. 

. 

Mi:l',/l'uscil  Silica 

o 

1 

o 

O 

o 

B 

M”F,  (A:=l .('t'|i)/2-lliick  on  l-'iiscd 

o 

o 

o 

Silica 

Naf  .  (Ill  SiO. 

o 

Al.()./Si(). 

0 

o 

lll.ld'VAL' 

0 

o 

.Si;SiO. 

o 

/,nSe,''/,iiS,^llil'.  oil  /iiSe 
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4.4.1  llneoated  IR  Refiactive  Optics 

4. 4. 1.1  Impact  Effects 


All  I.Di-li-  ivlViiciivc  IR  uplics  samples  sul'l'ereil  some  impact  damaiie  due  to  either 
micromelcoroids  or  maii  iuade  debris.  Impact  damaee  eonsiskd  of  vaiious  iiiehs  and  chips. 
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or  small  quasi-hemispherical  craters  suiTOimcled  by  spalls  with  conchoidal  suifaccs  similar  to 
that  seen  for  uncoated  refractive  UV/visible  optics.  Tlte  phenomenology  discussion  pertaining 
to  Section  4.3. 1.1  al.so  applies  to  tliis  section.  Table  4.4.1.1a  summarizes  and  provides  a 
guide  to  the  materials  contained  in  this  .section.  Table  4.4.1.1b  show's  references  to  related 
materials/effects  covered  in  other  sections  of  this  handbook. 


Table  4.4.1.1a.  Impact  Effect.s  Data  Ba.se  for  Uncoated  Refractive  IR  Optics 


MAiKRIAI.S 

HdlJRI'S 

I.OCAIION 

COMMKNT.S 

Fused  .Silica 

F..U 

1)') 

FxiX)scd  70  monilis.  Localized  chipping  ami  tiacturc 
cxtciuling  many  particle  diameters, 

IF.tS 

IW 

Damage  area.s  are  |x>lenlial  high  scatter,  high 
ahsoiption  areas. 

,SiO., 

E..)6 

b4 

No  di.scernihle  changes  except  for  debris. 

In  general,  fused  silica  seemed  to  t>e  more  susceptible  to  impact  damage  than  was 
SiOj  ''Refs.  .3  and  d).  However,  the.se  samples  were  placed  in  tliffereni  LDltl-  locations-D9 
for  fti.sed  silica  versus  1)4  for  SiO,.  l.ocaiic)n  1)9  is  near  the  leading  edge  or  "ram"  tiirection; 
kication  1)4  is  near  the  trailing  edge.  This  seems  to  imply  that  the  ram  direction  may  be  a 
location  where  optical  materials  ;irc  more  su.sceptiblc  to  impact  damage  (i.e.,  there  is  a 
directional  dependence  on  the  micrometeoroid/debris  enviionment).  Other  dat;i  for  uncoateii 
.SiO,  samples  flown  in  other  experiments  on  l.DId'  near  the  leatling  edge  were  not  found, 
riuis,  it  is  difficult  to  provide  a  direct  coni|iai isoii  between  fused  silica  and  Si()_,  concerning 
their  relative  susceptibilities  to  impact  tlaiuage. 
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Table  4.4.1.1b.  Impact  KlTccls  Data  Rase  for  IJncoated  Refractive  llV/Visiblc  Optics 
Applicable  to  Uncoated  Refractive  IR  Optics 


MATKRIALS 


I  ItaiRKS 


i.DKr 

LOCATION 


COMMKN'IS 


t-'used  Silica' 


Sinlal.iiiK'-Silica' 


l,(>cali/cd  impaci  daiiutiH'. 


I..(icali/C(.l  ilainagc.  Radial  cracking  diK's 
occur  Init  docs  iioi  pmpagaic  a  great  distance 
Iroiii  impact  site. 


Molten  glass  leiiing.  I'llx'is  100  pm  long 
I'loiccling  Irom  llie  lii'C  /one. 


(.’Iiaracteri/ation  ol  impaci  siie  damage. 

Central  pit  sm rounded  In’  riagmenicil 
mau-rial  wiili  railial  craiks.  Debris  cai'tured 
Ml  melt  /one. 

No  melt.  Similar  damag.e  In  iliai  slunvn  in 
(•'igiire  li.-l  excein  in  central  liisioii  /one. 

Cliaracteii/alioii  ol  impact  site  damag.e. 

Damage  area  ,S  lime.s  i,cnli'al  pil  radius, 

Oblupic  impaci  I'liHliiccd  slniiii'.ly  din'clional 
splash.  ( 'lalei  is  ciiciilai . 

Cliaractci i/alioii  ol  impact  siic  damage. 

reni;H'ialiiie  and  piessiiic  lor  \  apori/atioii 
ceded. 

r’liai  U'leii/ation  ol  iiiipaU  sue  daiiiaia' 

!  em)>i.'i ailin'  and  |iiessnic  loi  \  apoi  i/alioii 
i‘\\'i.*t'ded . 

Cliai.tclei  i/alioii  ol  niipait  -ale  daiii.ige. 


u'ic\':iri(  t>>  tills  ni.itru.ii  .tic  |>irM’iiit't{  m  tcifi  >ii  I  ^  1  I 


4.4. 1.2  Atomic  Oxygen 


As  wiili  tlic  data  obtained  lor  Seclinii  I  ,TI  2,  tlie  liised  sdica  tlown  on.  e\perimciil 
S()().S()-2  was  found  to  In-  resisf.iiil  lo  the  AO  environiiient.  a.s  exiKcied  tor  an  osidc.  and  no 
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siunificant  erosion  was  observed.  Table  4. 4. 1. 2b  shows  references  to  related  niaterial.s/ effects 
covered  in  other  chapters  of  tins  handbook. 


Table  4,4.1.2b.  Atomic  Oxyj'cn  Data  Base  for  IJncoated  Refractive  lJV/Vi.sil)le  Optics 


Applicable  to  Uncoatcd  Refractive  IR  Optics 


MAIKKIAI.S 

IKJlIRKS 

i.Dicr 

I.OCATION 

COMMKNTS 

Ndiio 

b.S 

No  damage  wa.s  di.seeniihlc 

'  Dilt.t  ioli’\.ii)l  Id  lliis  ill.tU'll.tl  ate  in  SiMmn 


4.4.1..^  Scatter 


The  opticiil  scattei'  increa.seil  significantly  for  many  samjtles  in  experiment  M()()(),^-2. 
Much  of  this  increase  was  <iue  to  surface  contamination  resulting  from  outgiissiiig  of  various 
silicones  ami  hydrocarbons  on  I. Did-  and  partially  due  to  ptirticuhite  debris.  I’ost-retrieviil 
cleaning  removed  (lie  coni;uniii;ilion  and  reduced  the  .sctitlcr  by  up  to  three  orders  ol 
magnitude,  ilowever,  impact  induced  cratering  and  cracking  sldl  gave  local  scatter  of  up  to 
five  onlc.s  of  magnitude  above  tite  background  level.  The  tiatti  demonstrated  that  the  leaiiing 
edge  sulfereil  most,  but  there  was  also  an  inilicatioii  that  the  scatter  was  increasing  'o  some 
kind  of  limit  or  equilibrium  because  the  increase  in  scattering  in  the  ‘Tmonth  exposures  was 
similar  to  the  increase  in  scattering  in  the  70  month  exposure  samples  (Refs.  5  and  d).  Table 
4.4.1. ,1a  suniman/cs  and  provides  a  guide  to  the  materials  contained  in  this  section. 
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Table  4.4.1.3a.  Scalier  KITecls  Dala  Base  for  Uiicoalecl  Uefraclive  IR  Oplics 


MATKRIAl.S 

1  i(aiRi..s 

i.nia- 

I.OCAIION 

COMMKNIS 

I'usod  Silica 

i:..ks 

w 

Impact  silos  prtKiiico  areas  of  hijili  .scatter 

\y) 

70-immlli  cxixvsure.  Scalier  iiiicnsity  Iroin  crater  center 
five  orders  of  inafiiiilinlc  limes  that  of  h.ickjrroiiiui. 

I•raclllrc  lines  arc  liijih  scalier  sites. 

1)') 

.Scalier  saries  by  Iwo  orders  of  in;ij.’niuide  across  the 
sill  tar  e 

1-:.  tn 

DU 

(,'leanin);  reduced  scalier  three  outers  of  inaiunlinle 

i:.4(i 

l)U 

/U.inoiiih  0X1X1x1110  similar  l(>  u  moiiili  e.sposurc 

I'oi'  llio  M()(l()'  2  saiiijik's,  a  (lira-  pli.isc  cbaractcri/.alinn  plan  uas  ticvcloinni  and  is 
Ix'ini:  im|ilcnicnicd  to  (IclcrmiiK'  sample  optical  pcrlonnancc  dcpradalinns  and  to  conclatc 
measured  rlejrnidaiion  with  sparv  ex|)osure.  Diirmi:  I’hase  I.  which  is  still  onpoinp.  ;is  ol  this 
wniiiu,;,  the  optical  perl'nrmance  is  heinji  evahiaied  and  correlated  to  sample  I’lipht  position 
aiui  c.Npostirc  duration.  Phase  I  measnrements  are  nondesiruciiv'c  and  ineliidc  (I)  lull 
surt'acc  |dioto]:raphy,  (2)  hinh  resolution  niicro.scopy  and  photopraphy,  l.'l)  preparilion  ol' a 
detaileti  suii'acc  map,  (4)  ahsorption,  (h)  transmission  and  rericclance,  (6)  cilipsometrw  (7) 
scatter  (Id'^l)l').  and  (M)  an  impact  site  count. 

I'liasc  11  will  iiiveslinatc  the  rund.imeiital  rc.isons  for  pcrtormaiice  degradation. 
'I'echnunies  will  be  ii.sed  lo  determine  siiilace  morpholojiy  and  (.■liemisti y,  lilm  depth  prol'iles. 
atomic  po|nilatioii  densiis',  erosion  ilepth.  and  mass  loss.  Techniques  tlcsipned  to  investigate 
the  I'uiulamenial  reasons  tor  pert'ormance  degradation  are  in  many  cases  intrusive  and  cannoi 
he  undcriaken  uiinl  Phase  I  measurements  are  complete. 

Ihirinp  Phase  III.  selected  samples  will  In.-  cleaned  .iccordinu  lo  standard  and/or 
innovative  opiical  cleaiiiiie  |)rocedures.  .Selected  Phase  1  tests  will  be  repealed  to  determine  if 
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the  sample’s  pertormancc  can  be  restored  to  an  acceptable  level.  A  small  number  of  samples 
will  also  1)0  tested  for  laser  damage. 

The  following  paragraphs  contain  the  most  recent  status  of  the  Pha.se  1  results. 

Pull  Surface  Photoizranhy:  Full-surl:ice  photogrtiphy  has  proven  to  be  a  valuable  tool 
for  surface  maitping  and  is  a  simple  technique  in  which  the  sample  is  placed  in  a  dark  room, 
illuminated  by  a  high  intensity  light  at  a  high  angle  of  incidence,  and  photographed.  The 
photograph  shows  surface  irreguhirities  as  points  of  .scattered  light.  All  full  surface 
photographs  were  taken  in  a  ('lass- lOO-clean  environment,  l-iach  sample  surface  (front  and 
back)  has  iK-en  photographed  twice,  once  with  the  sample  fiducial  mark  at  0"  to  the  direction 
of  illumination  and  again  ;it  dO".  'I'he  photographs  reveal  that  stirface  contamination  and 
damage  vary  gietilly  from  sample  to  .sample  (Refs.  .S  and  d). 

There  are  significantly  more  scalier  sites  on  l.Dld'  flown  samples  than  the  control 
sample,  implying  that  the  I, DPI'  s|)ace  environment  significantly  increased  surface 
contamination  and/or  dtimage.  'I'he  increase  in  coniamintilionAlamage  becomes  even  more 
a|)p;ireni  m  photographs  of  samples  exposed  for  longer  periods  of  time.  The  scatter  sites 
shown  in  the  full  surface  photographs  are  Ix-ing  investigated  w'ilh  differential  interference 
eonirasi  are  Ix'ing  maile  lor  unusual  eontammalion  areas  and  imixiet  sites.  Optical 
measuremenis  are  being  made  on  the  highly  blemished  surface  areas  as  w-ell  as  on  the  cleaner 
areas  (Kefs.  .S  and  d). 

Mieroseopy:  Initial  mieroseopy  on  the  optical  samples  wsis  performed  by  The 
Aerospttee  Corporation  (l.os  Angeles.  Calllorni.i)  at  the  time  the  samples  were  removed  from 
the  trays.  Phillips  I.aboratory  is  ix'rforming  a  final  mieroseopie  evaluation  on  each  sample. 
The  full  surface  photographs  which  have  Ix’eii  taken  of  each  surface  are  assisting  in  locating 
some  sites  rei|uiring  careful  examination  in  Phase  1  and  Pluise  11  eharacieri/ation.  The  extent 
of  liebris  and  mierometeoroid  eauseil  damage  varies.  I  'or  example,  a  strike  on  MgP, -coated 
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fused  silica  is  relatively  constrained.  In  contrast,  an  impact  on  uncoated  fused  silica  produced 
localized  chipping  and  fracture  zones  extending  many  particle  diameters.  Optics  with 
damaged  areas  such  as  these  are  potentially  high-scattcr  and  high-absorption  optics  (Refs.  5 
and  9). 


Scatter  Measurements:  BRDl'  measurements  on  the  optical  samples  were  made  on  a 
research  grade  scatterometer.  High  Resolution  Scatter  Mapping  Instrument  (IIRSMI),  operated 
in  the  Phillips  Laboratory  Optical  Components  Branch.  The  IIRSMI  is  capable  of  high- 
rcsolution-scattcr  measurements  and  surface  .scatter  mapping.  All  scatter  data  reported  to  date 
were  taken  at  632S  A.  It  is  antieipated  that  samples  flown  on  tlic  leading  edge  andA'r 
exposed  for  longer  periods  of  time  may  lx-  more  highly  scattering  than  samples  flown  on  the 
trailing  edge  and/or  exjro.sed  for  shorter  periods  of  time,  'flic  sam|dc  surface  was  exposed  on 
the  leading  edge  for  70  months;  therehu'c  it  was  anticipated  that  this  surface  woukl  lx*  highly 
scattering.  The  scattci'  m;ip  (slunvii  in  Appendix  L)  slunvs  scatter  varying  two  orders  of 
magnitude  across  the  sample  surface  (Refs.  5  ami  9). 

The  effects  of  micrometcoroid  damage  are  important  for  brittle  materials. 

Investigators  have  fouiui  fracture  lines  exieiuling  2  cm  from  impact  sites.  Scatter  intensity 
from  the  center  i)f  the  crater  is  five  orders  of  magnitude  grcMter  than  the  sample  background. 
1-racturc  lines  extending  from  the  crater  arc  high  .scatter  sites  on  the  surface  and  are  iiulicated 
in  the  mapping  by  rows  of  peaks.  The  intensity  of  the  peaks  is  Ix'tween  one  and  three  orders 
of  magnitude  gieater  than  the  surface  Inickground  (Refs.  .S  ami  9). 

Scattered  intensity  versus  ileteetor  angle  for  varirius  fused  silica  samples  were 
evaluatctl.  The  data  sliow  the  expected  treml  between  trailing  edge  and  leailing  edge  samples; 
namely,  that  the  ground  control  sample  and  the  trailing  edge,  .Tmonth  sample,  are  the  lowest 
scattering  of  the  four  samples,  while  the  leading  edge  are  the  most  highly  scattering  (Rel.  9). 
The  two  leading  edge  data  curves  h;id  the  .sanx*  shape  implying  that  the  contamination 
contributing  to  scatter  is  the  same  on  both  surfaces.  Lurther,  the  measured  .seailter  on  both  the 
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7()-nioiith  and  9-iiioiiili  exposed  samples  is  the  same.  'I’wo  possible  explanations  for  this 
phenomenon  are:  (1)  whatever  is  causing  the  .scatter  reached  a  limiting  or  equilibrium 
condition  w'hcre  .scatter  is  no  longer  affected  or  (2)  contamination  on  the  7()-nionth  sample 
was  removed  by  AO.  ratliation.  or  some  other  type  of  scrubbing  effect  which  lowered  the 
scatter  to  a  level  compiirable  to  the  9-month  exposure  sample  (Refs.  5  and  9). 

A  preliminary  titteiniit  to  determine  the  pre.sence  and  magnitude  of  scattering  from 
surfitcc  ct)iitamination  w;i.s  iiKule.  Scatter  from  the  unexposed  side  of  the  leatiing  edge,  70- 
month,  tmeottted  fused  silicti  sample  was  measured;  the  dtittt  shows  the  surface  is  highly 
scattering.  The  surface  was  then  blown  with  an  air  brush  in  an  attempt  to  remove 
cont;miin;ition.  and  the  sctittcr  tnetisurement  was  repetited.  The  data  show  that  the  surface 
sctitter  was  luU  reduced.  An  ttlcohol  drag  was  then  performed  twice  on  one-half  of  the 
surface,  ttnd  the  .scatter  was  remetisured.  The  data  slunv  thttt  cleaning  the  surface  reduceii  the 
sctilter  three  orders  of  mtignitude.  This  is  a  significant  retluction  in  scatter,  itidicating  that 
there  is  considertible  contaniinittioii  on  the  sample  stirlace  ttnd  that  blowing  the  surface  with 
tiir  is  not  effective  in  removing  it  (Refs,  5  tiinl  9). 

4.4. 1.4  Alrsorplioit/ rnmsmission/Kenectaiice 

.S.imples  flown  mi  esperinicnt  A()I.9S  4  (1  Did-  location  B.T  leading  edge)  were  tested 
for  sjH’ctral  pciformance.  I’osi  fliglit  tests  iiulicate  no  significant  differences  in  /.n.Se  spectral 
performance  (Ref.  10).  Table  4.1.1.1a  snmmari/es  and  provides  a  guide  to  the  material 
contained  in  this  section. 


I'ahle  4.4.l.4it.  Ahsorptioii/riaiisinission/Rellectance  Data  Base  for 
Ihicoated  Kefraclive  IK  Optics 


MA  ri  KI At. 

IKiliKleS 

1  1)1  1 

l.OCA  1  ION 

COMMKNT.S 

/nSe 

NnlU' 

n  t 

Nn  \i''.inlK;inl  dilK'ieiiei'  in  .siKs  lial  [K'i  Icimiiiin  e. 
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Table  4.4.1,4b  .shows  referenees  to  related  inaterials/effeets  covered  in  other  sections 
of  this  liandbook. 


Table  4.4.1.41), 
Lhicoatcd  Refractive  U 


MAIKRIAI.S  M(;i)Ri;.S 


Ab.sorplion/Traii.sini.ssion/Reflectaiice  Data  Ba.se  for 


LOCATION 


COMMLNTS 


Cleaning  rclnrncd  sample  lo  iiie-fliglit  values 


Cleaning  reiuined  sample  lo  pie-llighl  values 


Organic  eonlaminanl  on  holli  siii  raees,  Cata.stro|itiie  loss 
ill  IIV. 'rransmission  ranges  trom  0  al  2(X)nm  lo 
.SO  peirenl  al  .^XOnm 

Organic  conlainiiialion.  Calaslrophic  liiss  in  UV.  Heller 
ilian  Cal-.  Ix-caiise  organic  conlammalion  is  only  on 
Ironi  siiilace  (Conlaminalion  Him  in.idverlenily  removerl 
Ironi  hack  surlace). 


•Same  as  H.l  .L 


.Similar  lo  Cal-'. 


Similar  to  1-.. l.S. 


Organic  coniaimnalion.  Siibslr.ile  does  nol  Iransmil 
helov.-  LSI  I  nm 

Organic  coniainiiiaiion.  Snbsiiale  does  nol  iiaiismil 
below  ISOnm 


'  icli'saol  I*'  lliis  tii.ilci  ni  .iic'  |iicsrnli‘cl  in  .Sfiiri*t)  -Mil 

Meciuise  of  organic  conlaminalion,  there  was  a  signirieani  rleerease  in  ihe  transmission 
of  all  samples.  After  cleaning,  the  fiiseri  silica  and  samples  transmission  returned  to 

nearly  pre-flight  values.  No  data  are  available  on  the  eftects  of  cleaning  on  the  other 
samples.  It  should  be  notetl  that  these  data  from  .Section  4.,C1.4  are  for  fused  silica  samples 
flown  on  I.DI-d-  near  the  trailing  edge.  The  fuserl  silica  samples  from  experiment  M()()().V2 
\'>ere  flown  near  the  leading  edge.  The  exact  correlation  between  leading  edge  and  trailing 
edge  effects  are  still  to  Ix’  resolved  among  the  I.Di-d-  experimenters. 
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4.4. 1.5  Darkcniiif^ 

Specific  discussions  coiiceriiing  niulcrials  of’  interest,  such  as  uncouted  fused  silica,  arc 
covered  in  Section  4.3. 1.5.  Darkening  t'‘rfccts  on  Uncoated  Refractive  UV/Visible  Optics.  No 
radiation  darkening  was  observed  in  the  fused  silica,  'fhe  argument  concerning  differences  in 
rcspon.scs  for  trailing  edge  versus  leading  edge  samples  discussed  in  the  previous  section  on 
transmission  do  not  apply  here  for  darkening.  There  is  no  assumed  directional-dependence  in 
the  radiation  environments. 

'I'able  4.4.1. .5b  shows  references  to  related  materials/clTccts  covercil  in  other  sections 
of  this  handbook. 

Tahlc  4.4.1.51).  Darkening  Isffeefs  Data  Ua.se  for  Uneoafetl  Refraclive  UV/Visihle  Opfic.s 


Applicable  to  Uncoafed  Refractive  IR  Optics 


MAII.RIAI.S 

1  ((It  IRKS 

i,i)i:k 

!,()(  ahon 

COMMltNIS 

fused  .Silica' 

None 

lA 

No  ilaikoiiinj:  evidoni 

'  Ditl.t  trlrvntfl  l«»  litis  ni.tli'i  i.tl  .hc  |>n*si*nli*vl  in  Ml'' 

4. 4. 1.6  .Strc.s.s 

.Specific  di.scussioiis  concerniii;  inaleiials  of  interest,  such  as  uncoiiicd  I'u.sed  silica,  arc 
covered  in  Section  4.3. 1.6.  Stress  bflects  on  Uncoaled  Refractive  UV/Visible  Optics.  In  the 
UV/visible  sanijilcs  flown  in  e.xpennienl  SOdSO  2.  stresses  were  observed  in  the  fuseti  silica 
but  were  found  to  have  a  negligible  elTeei  on  optical  perfoiniance. 

■fable  4.4.1.bb  shows  ivferenees  to  relateii  materials/effects  covered  in  other  sections 
of  this  handbook. 
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Table  4.4.1.61).  Stress  Kflects  Data  Base  tor  Uneoated  Refractive  DV/Visible  Optics 
Applicable  to  Uneoated  Refractive  IR  Optics 


MMKKIAl.S 

IKJURK.S 

I.DIsF 

l,()(  ATION 

COMMKNIS 

l  iiseil  Silica' 

i;.i7 

i:.s 

Stroiijrlli  ol' cxpo.scd  sample  iiKlistiiiy.iiishabk'  Iroin 

i-;.i<) 

1)2 

control  sample 

tll.ld''’' 

i;.i7 

i;.s 

Sltcnjjili  of  exposed  sample  iiidisiiiijniislial'le  lioni 
control  samjile 

ItK  7' 

b:.b) 

1)2 

Slrenpih  ot  exiHised  samiile  indisiinyiiisliable  lioin 
control  saiiijile 

Soilad  .iiiK'-Silu  ;i' 

i-:.!  / 

1)2 

Sirenelli  ol  exposed  s,iiii|ile  mdisimjinisliable  lioiii 
conliol  sample 

by  re  .s' 

i:.!  / 

1)2 

.Slieiij’lli  of  exposed  sample  iiidisiiiij'.iiisliable  lioin 
conliol  sami'le 

Vvcni' 

i-.i  / 

1)2 

Stieneili  ol  exposed  s.iiiiple  iiidisiiiiiiiiisli.iblc  liom 

1  onliol  s.iiiijile 

/.eiuiliii ' 

l•.,l  / 

1)2 

SlicM)’lb  ol  exposed  s.iinple  iiidisiiiii'iiisliable  liom 
conliol  sample 

Cab, 

|•:,IK 

BH 

I'laeluied  sample 

'  DitiJt  i«'h‘\Mnl  I"  (Iks  iti.iD  ti.il  .til  |iirs<‘iif(  li  m  SihIk'Ii  I  M  d 


As  with  |irccaiiii|;  sections,  the  data  lioni  Section  -I., ^.1,6  are  lor  the  esperiineiit 
SOO.'iO  1  lused  silica  samples  lloun  on  I. Did-  near  the  irailini;  edpe,  Tlie  liised  silica  samples 
I’rom  i-,\pei  iment  N'llKKI  (  were  llou  n  near  the  ksulini;  edpe.  The  esar  l  eoi  lelalion  hetweeii 
letidinp  edpe  and  iraihii);  edpe  eHeels  is  still  to  be  resoheil  amonp  the  I.Dbib  experimenlei s. 


4.4. 1.7  ('onlainiiiatioii/Dcterioration 

A  brown  discoloration  caused  by  a  eont.iiiiinaime  him  was  evident  on  most  o|  the 
SOOSO  I  l.niil-  samides.  The  him  appeared  brittle.  No  discoloration  ol  bulk  optical  mtiterial 
v\'as  noted. 


1 


4.4.1 ,  IJncnatt’d  Refractive  IR  Optics 


Table  4.4.1.7b  sliow.s  rcf'eienees  to  related  niaterial.s/effect.s  cv)vered  in  other  .seetiun.s 
of  this  handbook. 


Table  4.4.1. 7b.  Ctnifamination  Dala  Hasc  for  IJncoated  Refractive  IJV/Vi.sible  Optics 


Applirabic  to  lincoated  Refractive  IR  Optic.s 


j  MATK.RIAl.S 

FKJIIRK.S 

M)KI’ 

LOCATION 

COMMKNT.S 

Mi-F'V 

i:.2i) 

Organic  lilin  apiieared  brittle 

L.S 

Organic  film  [sesent  on  front  surface 

l.il’' 

l■..22 

[•:s 

Organic  lilm  present  on  Ixrtli  surfaces 

Ifl'.t 

Orgiiiiii  film  appeared  spiayed  on 

AKO; 

i;.24 

li.S 

Organic  film  present  on  Ixitli  surfaces 

— 

ifS 

.Showed  substrate  .selectivity 

(-’al'V 

i-;.2v. 

mm 

Organi  ■  film  present  oti  both  sides 

'  Dald  K’lcv.int  lu  Utis  maloii.i!  aic  |>rvsciilc<i  lO  Scilmo  l  .V. 


4.4.2  ('dated  jR  Refractive  Optic.s 
4.4.2. 1  Impact  ITfccts 

.'.(lecific  discessidii  ot  r.iaterials  related  to  lincoated  ki,  Iractive  IR  Optics  is 
presented  in  Sectit.'ii  d.b.  I.I,  lin|);icts  I'.frects  ()ii  IR  (’oatinps.  In  general,  all  samples  showed 
sonic  Miipacl  effects,  I’a.  denla.'ly.  those  samples  flown  in  leading  edge  locations  showetl 
sev  'I'.d  micn'lractii'c .  '  iile  4. '1, 2.  lb  shows  references  to  related  niaterials/effects  covered  in 


other  sections  of  this  haiulfH),  k. 


4.4.2,  Coat/.’d  Rcfnu  ttvv  IR  Opric.s 


Fable  4.4.2. 1 b.  Impact  Kl'fects  Daia  Ha.se  for  IR  Coaling's  Applicable  to 
Coaled  Refractive  IR  Optics 


MA  IKKIAI.S/ 
suits  I  RA  I  K 

KKltlRKS 

I.DKK 

I.OCAttON 

COMMKNtS 

Mj-l-V 

h:.47 

[)<) 

I)ania;;e  is  loeali/cd 

l■■|l.se^l  Silieti' 

Nal’.' 

1)0 

Daniaite  layer  removed  Iroin  aiuiiiul  impaci  layer 
due  to  tJ'V  oi  AO 

T1  l-VAit/Cr/ 

i..4>) 

1)0 

Overall  damaye  area  is  several  limes  eralei  si/e 

.Mo' 

Coalinj!  lailiire  is  (ilvserved 

A.M-tAKoySi)' 

I■..s() 

l)X 

Mii'mlraeliiivd.  eoimdi  d.  i  ialered 

I’ollslied  Silit on' 

Al,(), 

l■,..M 

l)i 

Mk  roll. K  lined.  1  laked 

/.'•iit )  .' 

As  .Se  J 

K.A’ 

D.l 

( 'ra/ed.  iliseoloied 

SiO.' 

All/ 

l-.si 

l)-l 

1  tiieli.iiii'.ed 

Ni/AI' 

I  }.ll;i  II  ll  A'.ltll  li  •  t  hiv  111  lll'l  l.ll  ^IIO  Ml  'iiA  l|<  >11  I  I  I 


4.4. 2. 2  Atomic  ( )\yKeii 

Al  the  iMvseiil  lime,  no  luive  been  I'oiiiul  lor  iliis  section. 

4.  ^  .Scatter 


As  (iisciissed  in  .Section  Inr  Mi’l-.  coated  lu.sed  silica  on  e.xperiiiient  MIKK).^  2, 

the  iiulueed  scalier  was  tomul  to  Ik  less  tor  ihe  ie.ulinii  cdue  than  lor  the  irailiiu’.  one.  'I'liis 
resiili  was  esscniially  ihe  same  lor  both  month  and  (I'bmonth  e.sposures  (Rets.  S  and  d). 

Tal'le  •!  -1.2.2b  shows  ivreivnces  to  ivlated  maieri.il.s/elTect.s  covered  in  olhei  sections 
of  this  handliook 
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4.4.2,  Coated  Refractive  IR  Optic.s 


Table  4.4.2.3b.  vSeatter  KlTects  Data  Base  ftu’  Coated  Refractive  IJV/Visible  Optics 


Applicable  to  (Joated  Refractive  IR  Optics 


MAttlRIAl.S 

MdllKKS 

-  ■■  ■  ■ 

LDi  :f 

LOCATION 

COMMKNIS 

Mjil'VI'a.scd  Silica' 

t':.27 

O') 

1)4 

Lcailiii}!  edge  showed  less  scalier  (coaling  may 

1h,‘  lemoved  by  AO) 

Ag/llI.P.''' 

i:.?.K 

teS 

Increase  in  scalier 

'  Dalii  tcK'vatil  i«>  tins  niaU'tial  an.’  pirvt’iik'ti  in  Sit  tmn  -I  V 


4. 4.2. 4  Absorption/ rransinissioo/Reneclance 

All  of  the  sub.siiates  aiul  ci>alin{:s  flown  on  cxiH'i  intciii  .S()()5()-2  experienced  a 
sijznificant  perfoi'inanee  rciluciion  after  fliphi,  but  after  eleiininp  (except  lor  the  AR-coated 
saniidcs  which  cotikl  not  be  cleaned),  the  sample  optical  jiertormance  reuirned  to  the 
pre-flipht  measured  values  (Ref,  7), 

'I'ahle  4  'f. 2.4b  shows  references  to  rehitetl  mate  rial, s/e  fleets  covered  in  other  sections 
of  this  handbook. 

Table  4.4.2.4b.  Absorption/ rransmissioii/Reneclance  Effects  Data  Base  for  IR  Coatings 


Applicable  to  Cotded  Refractive  IR  Optics 


MA'I'KUIAI.S/ 
SHitSIR  A  1 1, 

MCCRI.S 

l.DIT 

i.ocahon 

COMMKN'IS 

rill'',  Ag/ 

,  - 

1  ■  ■  P 

li  ^ 

Onlsiilc/insidc  samples  showed  link'  cliaiip.e  m 

It  1  tgv)  ( Hass' 

lelk'i  lance  ovei  all  w  aveleligllis. 

Al.(  ),-Ag/Kanii'en' 

li.a  ^ 

lO 

( tnl.sidc/iMsiile  sampK's  had  sijimlicanlly- 
reducod  relleciaiKe  escepi  al  llie  blue  end. 

tll.i:'‘VAj;' 

i;ai 

lA 

( 'uniaminalioM  redikcd  haiismissioii.  Cleaning 
rehiined  sample  lo  pie  lliglit  value. 

‘  1  irlfvniU  111  ihis  tii.tUi  i.il  .Uf  pirsv'tilcil  iii  Si-tlmn  t 

■  Dalit  ii-U’vanl  in  Ihn  Mi.tliMi.ii  ati'  [Mi-smlnl  iii  SiMtniit  1  <  I 
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I 

) 

>  4.4.2,  Coated  Refractive  IR  Optics 

) 

4.4.2.5  Darkening 

At  the  present  time,  no  data  have  l>een  found  for  tliis  section. 


4.4.2.6  Stress 


for  both  AR  coalings  and  solar  rejection  coatings  tested  in  experiment  SOO.SO  2,  very 
little  change  in  stresses  was  observed  for  po.st  flight  versus  pre-flight  comparisons  (Ref.  71 


Table  4.4.2.6b  shows  references  to  related  materials/effects  ct>vereti  in  other  sections 
of  this  haiuibook. 


luhlc  4.4.2.61),  Strcvss  Dsifa  Base  for  ('oated  Ktfraefive  llV/Visil)k*  Optics 
Applicable  lo  (ioated  Refractive  IR  Oplics 


MA  I  I.KIAI,.S/ 
COATINt; 

I'KaiRK.S 

i,t)ia' 

t.()(  A  t  tON 

COMMIINIS 

f’lisod  .Siliea/A).’,' 

i 

v.^ 

Alter  eleaiiing.  pro-  and  post  lliplil  iiieasiirenieiHs  were 
very  similar 

b.s 

Alter  ele.imn;'.  pie  and  post  llijilit  ineasiiieinenls  were 
verv  similar 

'  n.iRi  It'h'vaiil  In  lilts  itt.il  'ttal  .tic  |»M’S(’iiti'«l  in  !>i*(linn  4 


4. 4. 2. 7  ('ontainination/Deterioratiou 

A  numlx.'r  of  optical  materials  flown  on  l.Dld-  showeii  signs  of  contamination. 
Analysis  of  flight  samples  flown  on  experiment  .S(l().‘)()-2  showed  the  substrates  aiul  coatings 
to  Ire  covered  with  a  thin  layer  of  polymer  which  contained  silieam.  The  contaminant,  a  light 
brown  slain,  was  removed  fairly  easily  with  normal  cleaning  techniques  (except  for  the  AR 
coating)  (Ref.  7). 
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4.4.2,  Coated  Refractive  IR  ()ptie.\ 


'I'ablc  4.4.2,7b  sbow.s  rcf'crciiccs  to  related  niatcrials/cffeets  covered  in  otlicr  .sections 
of  this  handbook. 


'I'ablc  4.4.2.71).  ('oiituiiiiiiation/Dcteriorulion  Ktl'cets  Data  Ha.sc  for  IK  Coatin^.s 
Applicable  to  ('outed  Kefructive  IK  Optie.s 


MAIKKIAIS/ 

1  i(;iiRi;s 

l.DKK 

COMMKNrS 

.suns  IR  AIK 

LOCATION 

Aj;+(AI,()//.nS)7 

i:..sh 

l)K 

Di.scolorcd  and  lia/ed. 

I’dli.sheil  Mo' 

Si/SiO; 

li.N) 

I)t 

i’ailiclc  conlamiii'ilion. 

I’hiySiO,' 

i-.fii 

D.t 

Dark  red  conlaininalion. 

M)’,lv  (A.=  l.(X)|im)/ 

?.  lliit  k  on  i'lisoil  Silica' 

1)1 

I•il^l0lls  mallei  aiul  liliii  Irajaiietii.s.  Hli.slers. 

/ii.S/SiO,' 

l-ASS 

I)') 

Sliowed  suilace  crackinj!  and  riakiii^’ 

Al.O^SiO/ 

l)t 

Kandomly  disirihiiied  hlrsiers  and  llakiiij; 

As, Sc,' 

l)t 

.Sli)'.lii  cr.ick  at  eilge.  Coiiiaininaied. 

1)1 

billin'  eoaliitj!  is  cra/.ed  and  lilisicred  around 
dcbri.s  s|)ol. 

l)-l 

biiliic  coalinj!  is  cra/ed  and  hlislcred  aioiiiid 
dehris  spot. 

I'.SH 

l).l 

b.iiiiH'  coalin);  IS  ,ia/ed  and  hlislcicd  around 
debus  spoi. 

I  It’ll  \  .1111  l<  •  Ihis  in.ih’t  i.il  .111-  I  iH’M’tili  d  in  .Si'i  I  i.in  I  /»  |  / 
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4.5,  Cocuinjis  for  UVlVisihlo  (Optics 


4.5  C()AT1N(;S  FOR  UV/VISIIU.K  SYSTKMS 


A  iuimlx;r  of  coalings  covered  under  IR  .systems  are  eiiiially  applicable  to  UV/visiblc 
systems.  To  avoid  iiectlless  duplication,  section  citations  within  the  IR  .section  arc  given 
iilong  with  it  descriptive  table  lor  these  materials;  the  narrative  mateiial  is  not  reproduced  in 
this  chapter.  Table  4..S.;i  shows  a  summary  of  the  experiments  containing  coatings  lor 
l)V/visihle  systems.  All  UV/visible  coatings  in  tins  experiment  were  flown  netir  the  trailing 
edge  of  the  I.ni-.b  spacecraft 


Taltle  4.5.a.  Kxperiineiil  .Siimiuai  v  for  UV/Visihle  Optics  Coalings 


IXI'I'.KIMI'NI 

IIV/VI.SIHI.I;  ()l>ri(  At,  COAllNti.S 

Aoon 

SiO  on  ().s/.M  on  Qnail/..  Aj'/Al  on  (Tiail/.  Aii/AI 

on  (.^n;iil/.  and  Mg.l'./AI  on  (.,)ii:ii1/ 

M).’i  yAI  on  Itlfitd  )'.las.s.  NlglVAl  on  Kanig.eiied  Al, 

Mg'.  VMgl  '.  on  HlfWvt  glass.  1  al  'yf  Inolile/Mgl'.  on 

H  Ifiri-l  jihiss.  1  hl-y.'\;.i  oil  1!  l(i()-l  j'.lass,  I  hl'yAg.  on 

AIM  ts  a 

Kanigeiu’d  Al.  1  ilv'.M  on  liUVvl  glas.s,  l.il7AI  on 

Kamgened  Al.  .M.(),/Mg|-.  on  Kanigein'd  Al.  .'.dl  nin 
dielcelin  on  HlWil  class.  KXitl  nni  dii'leen'k/ril)./,Si( ), 
on  UUit't  );l,is.s  anil  l(l.(>  {iin  nnnoi;('ie  /n.S  llil',  ini 

11  loot  id.ISs 

AOI  'S  s 

.•\l  on  glass.  ri  on  glass 

.... 

1  able  'h.'i.li  siiows  the  liV/visible  coiitings  mid  the  ellecls  addicssed  by  the  i.Did' 
expcrimenlcrs. 


■  1  4.-S 


■4.S.  Conti  nils  for  Optics 


0 


ral)le  4.5.1).  ('oatinj^s  for  llV/Vi,sil)lc  .SystcMiis 


4.5,  Coiitin^.s  fi)r  IJV/VisihU'  Optics 


% 

0 


Tat)lt“  4.5.h.  ('oaliii^s  for  lIV/Visil)lo  Sv.sloin.s  ((^ait.) 


i;i  ir.ci' 

1 

A 

A 

1) 

,s 

M 

I 

ii 

A 

1 

1* 

o 

S 

k 

k 

A 

M 

/ 

K 

I', 

( 

1 

1 

!■; 

.s 

MAIliUlAl.S 

1 

( 

K 

N 

s 

■S 

A 

1 

o 

N 

N 

X 

/ 

(; 

\ 

K 

<; 

i: 

N 

i. 

As.,Si'7,Si(), 

O 

Aii/Ni/AI 

o 

Al,()/M)'|',/Mri<l<  1  IM  1  (Ml 

# 

It  UWvl  (  ilil.ss 

l■'(l^('(l  ,Sili(  ;i/.S<ilai  Kcn'i'liiMi 

o 

o 

in  l■'''/A)■ 

0 

o 

I  'liscd  SiIk  :i/.'\iiliiclli  (  laiii  (■ 

o 

o 

1  .al  ./( 'Iiii'hk'/M.'l- 

O 

(i(7'/ii.S;i  hi  , 

A)' M  Al .( ) //iiS ) ‘  (III  l’(illslii.'(l  Mil 

Si/.SiO. 

l’bl-./.Sil), 

Mill',  (A-  1. (Kill)/.’’  lhii.k  on  laiM-il 

.Silu  a 

/iiS/SiO. 

•  D.il.i  c«>nl.Htu'«l  111  this 

u  ]><it;i  III  olhn  ,  ios>  irlririiKil  M  ituMiv 
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i^.5.  Coudtiiis  for  UV/Visih!e  Opiics 


‘/..‘i.  fi)r  U\'i'VisihU‘  Optics 


M(K)()3-2  ami  on  the  letidinji  edge  (at  locations  1)8  and  1)9)  slunved  several  niicrorraetnres. 

'I  he  trailing  edge  samples  were  era/ed,  but  so  were  the  control  samples  leading  the 
experimenters  tt)  the  et)nehision  that  era/.ing  is  related  to  eotitiiig  mtiniil'aeiiiring  stresses,  and 
not  neeessitrily  relateil  to  the  space  enviroiinietit. 

Table  4,.S.l.lb  shows  retereiiees  to  relateil  materials/elTeets  eovereti  in  other  sections 
of  this  handbook. 


Taitle  4.5.1.11).  Iinpaet  IsITeets  Dala  Hase  Tor  IR  Coatings 
A|)|)lical)lo  to  li\7Visil)le  Coatings 


MA  i  i;kiai  S' 
St'ltSTUA  t  !■; 

1  i(;('i{i;.s 

1  OCA  riON 

COMMI’.NIS 

M)’l  7 

I'lised  .Siln.r 

I',-!/ 

i)<) 

1  )aiiia)'c  IS  l(H  .ili/i'il 

Ci/Ai'/riiT./Mo' 

I'.l" 

1)0 

( )\eiall  il.iin.i)’!'  ausi  o  scm'i.iI  (iiiu's  i  i .ilei  si/i 
( 'oaliii!'.  I.iihiie  IS  oIai'i  \  cil 

.Ai'  M  Al  ( )./So'  on 

1  .SO 

Ds 

Miriol  1  ai'iiin'il,  i  i-i i oilnl.  i  i.ili'U'il 

I'oIi'.Ik'iI  SiIh  dll' 

Al.(  ),/.Si( ).' 

i'.AI 

l)t 

Mu loliai'liiii'il.  ll.ikeil 

As  .Si'  J 

1 

l)t 

(  'l.l/isl.  ilisi'tiloivil 

SiO.' 

Aii/NcAT 

|.  -i! 

l>l 

t  'ill  liaiii’i'il 

M.i'I'IA  1  (10)1111),^' 

1-  s.l 

1)1 

(  la/ed.  (  ' .niaiiiin.ili'd 

llili  k  on  1  ll-'i'd 

Siln  a' 

Nal-'.  oil  Sit ).  ' 

l 

I'.-IS 

1)0 

Daiii.iged  las'ci  u'liiovi'd  around  iiiipacl  due  to 

1 IV  (>i  A! ) 

'  h.ll.l  li-li-V.KlI  hi  this  Iil.ilril.il  .III-  |*|rvfi||ri|  m  S.-ttimi  I  I  I 


4. 5. 1.2  .'Vtoitiie  Oxygen 

At  the  pre.sent  time,  no  dal.i  have  been  lound  lor  this  section. 
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4.y  Coatings  for  UVJVisihIc  Optics 


4.6. 1.3  Scalier 

All  iliscussioMs  of  scatter  etTccts  on  coated  UV/visiblc  rerractivc  optics  that  arc  equally 
applicable  to  UV/visiblc  coatings  arc  covered  in  Section  4. 3. 2. 3.  Scatter  lilTects  on  Coated 
UV/Visible  Refractive  Optics,  As  discussed  in  Section  4. 3.2. 3,  for  Mgl-/;  coated  silica  the 
induced  scatter  was  found  to  l)e  less  for  the  leatling  edge  than  for  the  trailing  one.  This  result 
was  e.ssentially  the  same  for  both  d month  and  69-month  exposure  (Refs.  5  and  9). 

'fable  4.5.1.311  shows  reference:;  to  related  materials/cffccts  ciwcreil  in  othei'  .sections 
of  this  handbook 


'I'uble  4.5.1. .31).  Sealtcr  Kffect.s  Data  llaso  for  Coated  UV/Vi.sible  Uefraclive  Opiic.s 
Applicalile  lo  llV/Visihle  Coalings 


MAri;RiAi„s 

1  K.UKK.S 

I.DII' 

I.OCA  HON 

( OMMKNIS 

M|;l',/I".i,sed  .Silica' 

l>‘» 

l.c;idiii)’,  edy.e  showed  less  .scallei'  (coaiiii)'. 

1)4 

removal  by  A( )) 

A)’./II1.10" 

IS 

liK'ivase  ill  sc.iiiei 

'  l).»la  icldv.ml  l««  ihis  Mi.ili’u.il  m-  iii  S«  i|n.n  M  ' 


4.5. 1.4  Ahsorplion/fraiistiiission/Kelleelanee 

In  experiment  A()13.S  4,  the  .M/Mgl'.  coating  on  HI 664  glass  substrate  showc;!  a 
relative  reflectance  loss  of  16  percent  and  on  a  K;inigcncd  A1  substrate  showed  a  23-percent 
loss.  Whether  the  s;nii|ilcs  were  cleaned  prior  to  ])ost  tlight  examination  is  not  reported  by 
the  experimenter.  There  was  very  little  degrailation  in  the  Au,  AI.OyAg,  and  'I'hl',,/Ag 
coatings  whether  they  are  on  H1664  gla.ss  c)r  Kanigened  A1  substrates  (Ref.  10). 


4.5,  Coaliiii^.s  for  UVlVi.\il)le  Optic.s 


Table  4.5.1.4a  .suiiimaiize.s  aiui  providc.s  a  guide  to  the  materials  contained  in  this 


section. 


I’able  4.5.1.4a.  AI),sor|)tioti/'rran.smi.s.si()ii/Keneelaitcc  Kffeel.s  Data  Base 
for  l  iV/Vi.sil)lc  ('oaling.s 


MAIKRI  AI„S/ 

.siiii.sira'H'; 

i'KaiRK.S 

l.OCATION 

■  --  -  ■  ■■  - - 

- ^ 

( OMMl'Nl.S 


AI-Mj-lV 
ii  I  ( 1  l;iss 

TiiivAi-y 

li  I  Ofl-t  (  I  Ills'! 

Al.O,  A(i/ 
Kiiiiijim 

Al-Mj'iy 


M)'() 

It  I  (lOl  ( ilass 


Visihk'  I  lOfiO  mil 
niirmi/'I'K  ).-Si( )  oii 
It  I  fit)')  { I  lass 

AI.()yM):IVMi:i<K 
I  Ifil  1  on  ltlf)f)-l 

(ilass 


Oul.siik'/insuii'  sampk's  had  sljuiilii'anlly- 
K'lliKcd  ivllcelanee  ovnr  all  wavi'k’nj’.ilis, 

Onlsuk'/iiisiik'  sain|)k's  sliowi'd  link'  ehaiijU'  in 
ivllci'laiiio  ovn  all  u avi'k  iicilis. 

( >iilskk'/insick'  sainpk’s  had  sij'aiiliianily- 
lodiiced  ivlIu  laiKi'  esnepl  al  Ike  hkie  end. 

Inside  sample  h.id  sitiiiil leant  lediielion  in 
lelleeianee  al  nppi'i  end.  Outside  sample  Inui 
sij’iiilieanl  lednelion  aeioss  ihe  enure  hand. 

Inside  ..iinple  shosu'd  sliphl  skill  in 
lellei  ianee.  ( Iniside  sample  had  hille 
ledmlion  al  ihe  hine  end  hiil  .i  sli)ihl  shill  lo 
die  liii’li  end. 

Iiisnie  sample  slioseed  a  sij’iiilnsinl  ledin  lion 
III  liansiMiiianee  .il  Ike  hIne  eml,  Oiilside 
s.iinple  li.id  a  si'milii  ani  lediielinii  m 
li.iiiMiii.s.sion  al  Ike  hine  end  and  .i  shj’lil 
ledm  lion  al  the  nppei  eiul. 


Kem. lined  oplie.illy  ell leienl. 

.Slij'lil  lednelion  m  liansinillaiKe  al  hine  end 
ot  speeinim  and  slij'.lu  iiieiease  in 
liansiniiianee  al  ki),>.li  eiul. 


Table  4.5.1. -lb  shows  let'erences  to  related  iiialenals/erieets  covered  in  other  sections 
of  this  liaiulbook. 


4.5.  Coatings  for  llViVisihIc  Optics 


'I'ablc  4.5.1.4b.  rraiisiiiittaiicc  Data  Hast  for  C’oafed  Refractive  IJV/Vi.sible  Optics 


Applicable  to  UV^/Visible  ('oatilijis 


MA  I  KRIAI.S/ 

(  ()ATIN(;,S 

IKd'KK.S 

l.(K  A  HON 

('OMMI'NI.S 

I'li.sod  .Siliea/Ag' 

!•;  2H 

ICS 

C’oniaininatioii  roiluccd  transmission.  An  increase  in 
scatter  was  measured, 

I-:.?') 

lA 

Conlamination  reduced  iransmi.ssion.  (’leaning  returned 

I'liscd  silica/ 

sample  to  piv-llighl  value 

.Sol.ir  irjeclion' 

i-.ti) 

!;.s 

Conlaminalion  reduced  iiansmission.  Cleaning  returned 
sami>le  to  pre  i light  value 

I-  ti 

i:s 

Conlaminalion  reduced  Iiansmission.  Cleaning  returned 
sample  to  pre-llight  value 

l  iised  .Silica/ 
Anti  ivllcctioii' 

i:.t:. 

i;s 

Conlaminalion  ivilticed  transmission.  Normal  cleaning 
mellKHls  not  elleclive.  Needed  exposure  in  oxyg.eii 
plasma  lo  improve  ix'ilormance 

'  |).(Di  n'lv'S'.ml  tn  ihis  in.ilcii.il  .ur  pirsnilftl  id  Snlmn  M  I 

III  cx|HMiiiK‘ii(  AOI.^X  4.  ihc  M|!()/M};I',  coaiiiii:  on  1M6()4  glass  showcil  a  sigiiificant 
a'diK'tion  in  spcciral  wulili  for  oacli  trailing  edge  fliglii  sample  (.’()  ■  percent  retitietinii). 
This  is  to  he  coinpareil  with  the  TiO./SiO.  eoating  on  H  Uih 4  glass  whieli  remaitied  optictilly 
elTieietit  even  though  the  flight  satiiple  showed  some  thin  eraeking.  The  Al.oyMglk  AR 
eoating  sliowed  a  very  slight  !•  1  peivent)  lediietion  in  tiverage  traiismittaiiee  over  a  spectiiil 
range  of  400  lot)  nm  iRef.  10). 

4.5. 1.5  Darkening 

To  date,  no  data  have  been  identified  for  tIV/visible  coatings  for  this  effect. 
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4.5. 1.6  .Stress 


All  clisL'iissimi.s  ()l  slrcss  ef  fects  on  IR  coatin^ts  that  arc  equally  applictiblc  to 
UV/visible  eoatinys  is  cewered  in  .Section  4..V2.().  Stress  litTects  on  ('oated  IR  Optics.  I-or 
tx)tb  AR  coalings  aiul  solar  rejection  coatings  tested  in  experinient  S0().‘S()-2.  very  little  change 
in  stresses  was  observed  for  post  f'lijdu  veisn.-.  pre-flight. 

'I'airle  •h.'s.l.fih  shosvs  leteivnces  to  rclate<l  maieiials/ef Tects  covered  in  other  sections 
of  diis  handbook. 


I'afile  4.5.1.61).  Stress  Data  Rase  f'oi  Coated  Kelractise  DV'/Visihle  Optics  Applicai)k' 
to  IA  /Visil)le  (  oatings 


M.MIIil.M.S/ 

<  OA  t  1N(; 

i  ttitHU  S 

l.t)l-l- 

t.OCArtDN 

COMMKN  I  .S 

. 

l-ii.sed  .Silieii/AK' 

loi 

l-s 

.  . 

( 'oiili.iiiiiiaiil  did  noi  inhodiiee  iiieasniahle  slies.s 

I'lised  .Silua/ 

AK/t  iiu  oiiied  side' 

I'.H 

l.‘i 

(  oiiiaiiMii.ml  did  iioi  iiiliodiiee  iiieasiii.ihle  sliess 

I'l.l-'v/A,.' 

l-.M 

l-.s 

.Aliei  1  leauiiii’  pre  and  posi  llijdil  lueasiiroiueiii.s 

Nseii’  \eiy  siimlai 

I  l.il.i  frli-\  .III!  1>*  lilt  s  tti  if '-t  i.it  111-  •{  in  S«‘«  ti.oi  I  *  t. 


4.5. 1.7  ( '(iiitaniiiiati(iii.''Deteri<)ration 

Coalings  including  niany  high  stressed  layers  (o.sides  and  t'liiorides)  show  an  evident 
risk  of  meehanieal  degradation  due  to  thermal  cycling. 

'I'ahle  d  .S.l  .ya  siiinmai i/.es  .ind  provides  a  guide  to  the  materials  contained  in  this 

section. 


4.5,  Coatings  for  UViVisible  Optics 


Table  4,5.1.7a.  Contamination/Deterioration  Effects  Data  Base  for  UV/Visible  Coatings 


MATERIALS/ 

FIGURES 

LDEF 

COMMENTS 

SUBSTRATE 

LOCATION 

Ge/ZnS/rhF4  on  B1664 

None 

B3 

Peeling  of  coating  due  to  vacuum  or  thermal 

Glass 

cycling 

SiO/Al  on  Pyrex 

None 

C3 

Degradation  in  UV  spectral  reflectance  due 

C9 

to  contamination. 

Os/Al  on  Quartz 

None 

C3 

Complete  oxidation  of  the  silver  film  and 

C9 

complete  oxidation  and  evaporative  removal 
of  Os  film  on  leading  edge. 

Ag/Al  on  Quailz 

None 

C3 

Complete  oxidation  of  the  silver  film  in  both 

C9 

leading  edge  and  bailing  edge  samples. 

Au/Al  on  Quartz 

None 

C3 

Slight  visual  difference  in  leading  edge 

C9 

samples.  No  obvious  effect  on  trailing  edge 
samples. 

MgFj/Al  on  Quartz 

None 

C3 

No  visible  effect  in  leading  edge  or  trailing 

C9 

edge  samples 

The  Ge/ZnS/ThF4  coating  on  B1664  glass  was  flown  on  experiment  A0138-4  and 
tested  at  10.6  pm  wavelength.  No  significant  changes  in  reflectance  were  measured  due  to 
any  contamination  observed.  It  is  not  known  whether  the  sample  was  cleaned  prior  to  making 
the  reflectance  measurements  (Ref.  10). 

The  contaminant  collector  mirrors  (SiO/Al/Pyrex,  Os/Al/Quartz,  Ag/Al/Quartz, 
Au/Al/Quartz,  and  MgFj/Al/Quartz)  were  flown  on  experiment  AO034.  All  samples  were 
examined  visually  and  reflectance  measurements  were  made  to  determine  the  effect  of  the 
observed  contaminants.  For  the  SiO  sample,  contaminant  coloration  was  observed  on  both 
leading  and  trailing  edge  samples  resulting  in  degraded  spectral  reflectance.  For  the  Cs  and 
Ag  samples,  oxidation  and  surface  removal  was  observed  contaminating  the  surfaces.  The 
leading  and  trailing  edge  samples  of  the  Au  and  MgFj  were  found  to  have  little  or  no  effect 
(Ref.  11). 
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Table  4.5.1.7b  shows  references  to  related  materials/effects  covered  in  other  sections 
of  this  handbook. 


Table  4.5.1.7b.  Contamination/Deterioration  Effects  Data  Base  for  IR  Coatings 
Applicable  to  UV/Visible  Coatings 


MATERIALS/ 

SUBSTRATE 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

.. 

Ag+CAiPj/ZnS)-*/ 
Polished  Mo‘ 

E.59 

D8 

Corroded  and  hazed. 

Si/SiOj' 

E.60 

D3 

Particle  contamination. 

PbFj/SiO^' 

E.61 

D3 

Dark  red  contamination. 

MgFj  (X^1.06jim)/ 

2  thick  on  Fused  Silica' 

E.54 

D4 

Fibrous  matter  and  film  fragments. 

ZnS/SiOj' 

E.55 

D9 

Showed  surface  cracking  and  flaking 

AhOySiOj' 

E.56 

D3 

Randomly-distributed  blisters  and  flaking 

As2Se3/Si02‘ 

E..‘i2 

D3 

Slight  crack  at  edge.  Contaminated. 

MgFj/Fused  .Silica' 

E.54 

D4 

Entire  coating  is  crazed  and  blistered  around 
debris  spot 

E.57 

D4 

Entire  coating  is  cra/.cd  and  blistered  around 
debris  sfot 

E,58 

D4 

Entire  coating  is  crazed  and  blistered  around 
debris  spot 

'  Data  relevant  lo  this  ntaterial  are  presented  in  Section  4.6.I.7. 


4.6  COATINGS  FOR  IR  SYSTEMS 

All  data  contained  in  this  section  are  from  samples  flown  on  experiment 
Stations  A0138-4,  M0003-2,  -6,  -7,  and  50050-2.  Table  4.6.a  shows  a  summary  of  the 
experiments  containing  IR  optical  coatings. 
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Table  4.6.a.  Experiment  Summary  fur  IR  Optical  Coatings 


EXPERIMENT 

IR  OPTICAL  COATINGS 

AO  183-4 

LaFj/Chiolitc/MgFj,  Gc/ZnSATiF«  on  B1664  Glass, 

ThFj/Ag  on  B1664  Glass,  Al^Oj/Ag  on  Kanigened  Al, 

ZnS  on  Ge 

M(X)03-2 

MgFj/fused  silica.  ThF^Ag/Cr  on  Mo,  MgFj  (X  = 

1 .06pm)-2-thick  on  fused  silica 

M0003-6 

Au  on  Ni/Al 

M0003-7 

Ag+fAljOj/Si)^  on  polished  Si,  Al^Oj  on  SiOj,  ASjSCj  on 
SiOj.  ZnS  on  SiO^,  Al+fAljO/ZnS)'*  on  polished  Mo,  Si 
on  SiOj,  PbFj  on  SiOj,  NaF2  on  SiOj 

S0050-2 

Ag  on  ULETM 

Table  4.6.b  is  a  cross-reference  for  the  IR  coatings  and  the  effects  addressed  by  the 
LDEF  experimenters. 

4.6.1  Coated  IR  Optics 

4.6.1. 1  Impacts 

In  general,  all  samples  flown  on  M0003-2  showed  some  impact  effects.  Those 
samples  flown  on  the  leading  edge  (at  locations  D8  and  D9)  showed  several  microfractures. 

Table  4.6.1.1a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 
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Table  4.6.b.  Coatings  for  IR  Systems 


EFFECTS 


MgFj/Fused  Silica 


LaFj/Chiolitc/MgF, 


Cr/AgmiFVMo 


Ag+{Al,Oj/Si)^  on  Polished  Si 


AipVSiO, 


AsjScySiO; 


Au/Ni/Al 


MgF2(^1.06grn)/2-ihick  on  Fused 
Silica 


ZnS/SiO: 


Ag+CAljOj/ZnS)'*  on  Polished  Mo 


Si/SiO, 


PbFVSiO, 


•  Daia  etimaim;d  in  ihis  scoion 
o  Dala  contained  in  other,  cross-a-fereneed  sections 
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4.6,  Coatings  for  IR  Optics 


Table  4.6.b.  Coatings  for  IR  Systems  (Cont.) 


•  Data  contained  in  this  section 
®  Data  contained  in  other,  cross-referenced  sections 
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4.6,  Coatings  for  IR  Optics 


Table  4.6.1.1a.  Impact  Effects  Data  Base  for  IR  Coatings 


MATERIALS/ 

SUBSTRATE 

FIGURES 

l.DEF 

LOCATION 

COMMENTS 

MgFyFu,sed  Silica 

E.47 

D9 

Damage  is  localized 

NaFj  on  SiOj 

E.48 

D9 

Damage  layer  removed  from  around  impact  due 
to  UV  or  AO 

ThF^/Ag/Cr/Mo 

E.49 

D9 

Overall  damage  area  is  several  times  crater  size 
Coating  failure  is  observed 

Ag-KAipySi)^ 
Polished  Silicon 

E.50 

D8 

Microfractured,  corroded,  cratered 

.MjOa/SiOj 

E.51 

D3 

Microfractured.  flaked 

As2Sc3/Si02 

E.52 

D3 

Crazed.  di.scolored 

Au/Ni/Al 

E.53 

D4 

Unchanged 

MgF2(X=  1.06pm)/ 2 
thick  on  Fused  Silica 

E..S4 

D4 

Crazed,  Contaminated 

An  MgF2  coaling  was  applied  to  fused  silica  and  flown  as  part  of  experiment  M0003- 
2.  The  impact  damage  tended  to  be  less  localized  than  for  bare  fused  silica,  with  more 
extensive  crazing  and  a  larger  tendency  to  involve  long  cracks  originating  at  the  impact  site. 
Further,  local  delamination  of  the  coating(s)  occurred  around  the  edge  of  the  craters.  The 
clearly-identified  craters  were  much  deeper  than  the  coatings,  and  thus  were  mo.stly  in  the 
fused  silica,  and  produced  the  same  conchoidal  surfaces  as  for  bare  silica.  Synergistic  effects 
were  also  observed  (e.g.,  for  NaFj  coatings),  such  that  coating  material  was  sometimes 
removed  around  the  impact  site  owing  to  the  further  interactions  with  either  UV  and/or  AO. 
The  extensive  crazing  was  apparently  not  only  caused  by  the  impacts,  however,  since  even 
ground  controls  of  MgFj  displayed  similar  effects,  suggesting  that  the  problem  was  associated 
with  high  in-situ  stresses  generated  at  manufacture.  Further,  there  were  no  indications  that 
the  crazing  itself  significantly  interacted  with  the  cratering  phenomena,  or  vice  versa  (Ref.  9). 

M0003-2  coatings  on  Mo  also  showed  damage  areas  many  times  the  crater  size 
leading  to  coating  failure  (Ref.  9). 
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From  experiment  M0003-7,  observations  show,  for  Ag+fAljOj/Si)^  on  polished  Si, 
three  small  impact  cmters,  surrounded  by  localized  cracking  on  the  exposed  coating  surface. 
The  coating  was  cracked  in  spirals  at  the  perimeter  of  the  exposure  area.  The  coating 
appeju'ed  to  be  blistered  in  the  vicinity  of  the  spiral  cracks;  flaking  in  the  cracked  region 
revealed  a  corroded  and  discolored  residual  surface  (Ref.  12). 

For  the  AI2O,  coating  on  Si02,  fine  fractures  which  intersect  and  terminate  in  defects 
in  the  coating  were  discernible  in  the  exposed  surface  areas.  There  were  some  small  areas 
where  the  coating  had  flaked  away  revealing  the  smooth  surface  of  the  substrate.  A  small 
number  of  individual  blisters  or  bubbles  were  discernible  in  the  coating.  These  features 
varied  in  size,  were  randomly  distributed,  and  were  present  globally  on  the  surface  (Ref.  12). 

These  observations  are  to  be  contrasted  with  the  As2Se3  coating  on  Si02  sample.  After 
space  exposure,  the  coating  appeared  nonuniform  in  color  to  the  eye.  At  high  magnification, 
it  was  apparent  that  the  exposed  surface  was  crazed  and  that  the  observed  variation  in  color  is 
due  to  the  presence  of  contiguous  green  patches  in  the  otherwise  pink  coating.  There  were  no 
discernible  morphological  features  associated  with  the  green  patches  and  they  did  not 
correspond  to  the  crazed  fragments  in  the  coating  (Ref.  12). 

For  the  M00()3-6  experiment,  a  sample  of  electroplated  Au  on  Ni/Al,  when  examined, 
showed  a  small  quantity  of  debris  on  the  surface,  but  no  other  changes  were  discernible 
(Ref.  12). 

A  micrometeoroid  impact  site  was  found  on  one  of  the  .samples.  The  impact  crater 
measured  0.3  mm  in  diameter  by  0.03  mm  deep.  Multiple  fractures  occumed  in  the  glass  at 
the  impact  site  (Ref.  7). 


4.6,  Coatings  for  IR  Optics 


4.6.1.2  Atomic  Oxygen 

At  the  present  time,  no  data  have  been  found  for  this  section 

4.6.1.3  Scatter 

Specific  discussions  of  scatter  effects  on  coated  UV/visible  refractive  optics  that  are 
equally  applicable  to  IR  coatings  (i.e.,  MgFj)  are  covered  in  Section  4.3.23,  Scatter  Effects 
on  Coated  UV/Visible  Refractive  Optics.  For  MgF2-coated  silica,  the  induced  scatter  was 
found  to  be  less  for  the  leading  edge  than  for  the  trailing  one.  This  result  was  essentially  the 
same  for  both  9-month  and  69-month  exposures  (Refs.  5  and  9). 

Table  4.6.1.3b  shows  references  to  related  materials/effects  covered  in  other  sections 
of  this  handbook. 

Table  4.6.1.3b.  Scatter  Effects  Data  Base  for  Coated  UV/Visible  Refractive  Optics 


Applicable  to  IR  Coatings 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

MgFj/Fuscd  Silica' 

E.27 

D9 

D4 

Leading  edge  showed  less  scatter  than  trailing 
edge 

Ag/ULE^M 

E.28 

E5 

Increase  in  scatter 

'  Daia  relevant  to  this  material  arc  presented  in  Section  4  3.2.3. 


4.6.1.4  Absorption/Transmission/Reflectance 


Specific  discussions  of  ab.sorption/transmission/reflectance  effects  on  UV/visible 
coat'ngs  that  are  equally  applicable  to  IR  coatings  (i.e.,  MgF^)  are  covered  in  Section  4.5. 1.4, 
Absorption/Transmission/Reflectance  Effects  on  Coatings  for  UV/Visible  Optics.  Within  the 


4.6,  Coatings  for  IR  Optics 


Section  4.5. 1.4  data,  the  Al/MgFj  coating  on  B1664  glass  showed  a  relative  reflectance  loss 
of  16  percent  and  on  Kanigen,  23  percent  loss.  Whether  the  samples  were  cleaned  prior  to 
post-flight  examination  is  not  reported  by  the  experimenter.  There  was  very  little  degradation 
in  the  Au,  Al^Oj/Ag,  and  ThF^Ag  coatings  whether  they  are  on  B1664  glass  or  Kanigened 
Al. 

Table  4.6.1.4a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 

section. 


Table  4.6.1.4a.  Absorption/Transmission/Reflectance  Effects  Data  Base  for  Coatings 


MATERIALS/ 

SUBSTRATE 

figurf:s 

LDEF 

LOCATION 

COMMENTS 

Ge-ZnS-ThFj  on 
B1664  Glass 

None 

B3 

No  significant  change. 

Table  4.6.1.4b  shows  references  to  related  materials/effects  covered  in  other  sections 
of  this  handbook. 


Table  4.6.1.4b.  Absorption/Transnii.ssion/RefIectance  Flffects  Data  Base  for 
UV/Visible  Coatings  Applicable  to  IR  Coatings 


MATERIALS/ 

SUBSTRATE 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

TliF,-Ag/ 

B 1664  Glass' 

E.42 

B3 

Oulsidc/inside  samples  showed  little  change  in 
rcllectance  over  all  wavelengths. 

AFOj-Ag/Kanigcnc(l 

Al' 

E.43 

B3 

Oulsidc/inside  samples  had  significantly- 
reduced  rcllectance  except  at  the  blue  end. 

ULETM/Ag= 

E.31 

E5 

Contamination  reduced  U'ansmission.  Cleaning 
returned  sample  to  prc-llight  value. 

'  Dala  rclovam  to  this  niiiltrial  an  i)R'scnl(.’d  in  -Sfiliim  4.S.I.4. 
'  Dala  rtlcvam  lo  lliis  ni.iicrial  aiv  [lU’scnlv’J  in  4..1.2.4. 
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4.6.1.5  Darkening 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4.6.1.6  Stress 

LDEF  contaminants  did  introduce  some  stress  in  IR  coating  materials.  In  general, 
however,  the  amount  of  stress  was  negligible  and  did  not  affect  the  coatings  optical 
performance  as  seen  in  Table  4.6.1.6b  for  fused  silica-  and  ULEtm. based  optics.  MgF2-based 
optics,  however,  did  not  survive  the  contamination-induced  stress  (see  Table  4.6.1.6b). 

Table  4.6.1.6b  shows  references  to  related  materials/effects  covered  in  other  sections 
of  this  handbook. 

Table  4.6.1.6b.  Stress  Data  Base  for  Coated  Refractive  IR  Optics 


Applicable  to  IR  Coatings 


MATERIALS/ 

COATING 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Fused  Silica/Ag’ 

E.33 

E5 

After  cleaning,  pre-  and  post-flight 
mea.surcmcnts  were  very  .similar 

ULETM/Ag‘ 

E.33 

E5 

After  cleaning,  pre-  and  post-Ilight 
mca.surcmeiits  were  very  similar 

LaFj/Chiolite/MgFj' 

None 

B3 

Did  not  survive  becau.sc  of  high  stress  levels 

'  Data  rclevaiU  to  lliis  niatoi  ial  aiv  pivsciilod  in  Seuioii  ‘I.3.2.6. 


4.6.1.7  Contaminatiun/Deterioration 

A  number  of  materials  flown  on  LD^F  showed  signs  of  contamination  as  well  as 
flaking  and  blistering  of  the  coatings.  Table  4.6.1.7a  summarizes  and  provides  a  guide  to  the 
materials  contained  in  this  section. 
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Table  4.6.1.7a.  Contamination/Deterioration  Effects  Data  Base  for  IR  Coatings 


MATERIALS/ 

SUBSTRATE 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Ag+(Aip3yZnS)7 
Polished  Mo 

E.59 

D8 

Corroded  and  hazed. 

Si/ 

SiOj 

E.60 

D3 

Particle  confimiination. 

PbFV 

SiOj 

E.61 

D3 

Dark  red  contamination. 

MgF^  (>.= 1.06pm)/ 

2  thick  on  Fused  Silica 

E.54 

D4 

Fibrous  matter  and  film  fragments. 

ZnS/SiOj 

E.55 

D9 

Showed  surface  cracking  and  flaking 

AiPj/SiOj 

E.56 

D3 

Randomly  distributed  blisters  ana  flaking 

AsjScVSiOj 

E.52 

D3 

Slight  crack  at  edge.  Contaminated. 

E.54 

D4 

Entire  coating  is  crazed  and  blistered  around 
debris  spot 

MgFj/SiOj 

E.57 

D4 

Entire  coating  is  crazed  and  blistered  around 
debris  spot 

E.58 

D4 

Entire  coating  is  crazed  and  blistered  around 
debris  spot 

From  experiments  M0003-2  and  -7.  a  number  of  IR  coatings  were  seen  to  become 
contaminated  and  to  deteriorate  in  the  space  environments.  The  Ag  +  (Al203/ZnS)'*  coating 
on  Mo  appeared  hazy  and  discolored  on  the  exposed  surface.  Multiple  zones  of  discoloration 
were  apparent.  The  variation  in  discoloration  was  presumed  to  be  the  result  of  varying 
degrees  of  dendritic  growth.  A  high  density  of  spots  was  apparent  over  the  entire  coating. 
Grain  boundaries  in  the  substrate  were  also  apparent  through  the  coating  (Ref.  12). 

For  the  Si/SiOi  sample,  a  great  deal  of  debris  was  on  the  coating  surface,  but  the 
surface  remained  highly  specular.  The  PbFj/SiOj  .sample  had  a  large  number  of  subsurface 
polishing  scratches.  Features,  which  may  be  bubbles,  pinholes,  or  growth  nodules  in  the 
coatings  were  seen  to  have  formed  preferentially  along  these  scratches  (Ref.  12). 
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The  MgF2  coating  on  SiOj  was  seen  to  be  crazed  on  both  the  flight  and  control 
samples.  A  great  deal  of  extraneous  debris,  including  fibrous  matter  and  metallic  film 
fragments,  was  present  on  the  surface.  There  were  three  large  spots  of  debris  on  the 
spaceward  side  of  the  sample  where  the  coating  was  crazed  more  extensively.  There  were 
also  blisters  around  these  debris  spots  (Ref.  12). 

The  ZnS  coating  on  the  SiOj  substrate  was  buckled  in  a  regular  pattern  on  two  large 
areas  of  the  surface.  The  entire  coating  was  blistered.  Large  blisters,  exhibiting  many  orders 
of  interference  fringes,  were  di.scernible  on  the  surface  of  the  sample  at  low  magnification.  In 
addition,  a  high  density  of  very  small  blisters  was  apparent  throughout  the  coating  at 
magnifications  of  200X  and  greater.  The  surface  was,  however,  relatively  clean  of  debris 
(Ref.  12). 

For  the  AljO,  coating  on  SiOj,  fine  fractures  which  intersect  and  tenninate  in  defects 
in  the  coating  were  discernible  in  the  exposed  surface  areas.  There  were  some  small  areas 
where  the  coating  had  flaked  away  revealing  the  smooth  surface  of  the  substrate.  A  small 
number  of  individual  blisters  or  bubbles  were  discernible  in  the  coating.  These  features 
varied  in  size,  were  randomly  distributed,  and  were  pre.sent  globally  on  the  surface  (Ref.  12). 

These  observations  are  to  be  contrasted  with  the  As^Se,  coating  on  SiOj  sample.  After 
space  exposure,  the  coating  appeared  non-uniform  in  color  to  the  eye.  At  high  magnification, 
it  was  apparent  that  the  expo.sed  surface  was  crazed  and  that  the  observed  variation  in  color  is 
due  to  the  presence  of  contiguous  green  patches  in  the  otherwise  pink  coating.  There  were  no 
discernible  morphological  features  a.ssociated  with  the  green  patches  and  they  did  not 
correspond  to  the  crazed  fragments  in  the  coating  (Ref.  12). 
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4.7  OPTICAL  FILTERS  FOR  UV/VISIBLE  SYSTEMS 


There  were  many  different  filter  systems  flown  on  LDEF,  including  metal-dielectric 
blockers,  metal -dielectric  bandpassers,  all-dielectric  hot  mirrors/detector  trimmers,  and  all¬ 
dielectric  bandpassers.  The  filters  discussed  in  this  chapter  were  flown  in  experiment  Stations 
A0138-4,  A0147,  and  S0050.  Table  4.7. a  shows  a  summary  of  the  experiments  containing 
UV/visible  optical  coatings. 


Table  4.7.a.  Experiment  Summary  for  UV/Visible  Optical  Coatings 


EXPERIMENT 

UV/VISIBLE  OPTICAL  COATINGS 

A0138-4 

Al-MgFj  on  MgFj  Substrate  (1216  A),  Al-MgFj  on 

MgFj  Sub.siratc  (1270  A).  Al-MgF^  on  Quartz  Substrate 
(2430  A) 

AO  147 

ZnS/Cryolite/Silver  on  Fused  Silica  (Cemented  with 

Epon  328),  ZnS/Cryolite/Silver  on  Fused  Silica  (Air- 
spaced.  No  Cement).  ThF^/Cryoliie/Al/ZrOj  on  Fused 

Silica  (Air-spaced.  No  Cement).  ZrOj/Cryolite/Silver  on 
Fused  Silica  (Air-spaced.  No  Cement).  ZnS/ThF4  on 

Fased  Silica  (Air-spaced.  No  Cement).  ThF^Cryolite/Al 
on  Fused  Silica  (Air-.spaced.  No  Cement).  PbFj/Cryolitc 
on  Fused  Silica  (Air-spaced,  No  Cement).  ZnS/Cryolite/ 
Silver  on  Fased  Silica  (Cemented  with  APCO  R313) 

S0050-1 

Narrow-Band  Corion'.  Neutral  Density  Band  Corion’, 
Broadband  Corion' 

These  filtoiT*  were  provided  by  Corion  Corpt>raiioo,  Ilollislon.  MA.  Specific  maieriai  .Uack'Ups  for 
the  filler  were  not  explicitly  identified.  The  narrow-hand  filters  were  composed  of  quarter-wave 
thick  slacks  of  dielectric  materials.  The  neutral  density  fillers  did  noi  use  quarter-wave 
dielectric  stacks  but  weie  composed  of  a  .single  layer  of  Inconel  coaling  which  pro’rides  approximately 
uniform  attenuation  across  the  visihle  spectrum.  'Fhc  hol*mirror  interference  filic*-*  were  deposited 
on  glass  with  a  layer  at  the  .surface.  One  of  the  wide-band  ho(-miiTor  filters  was  examined  by 
SEM  and  was  found  to  be  composed  of  eleven  layers  of  (ThFyZnS)  pairs  deposited  on  a  glass  substrate. 


Table  4.7b  shows  the  UV/visible  optical  filter  materials  and  the  effects  addressed  by 
the  LDEF  experimenters. 
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Table  4.7b.  UV/'Visible  Optical  Filters 


EFFECTS 

I 

A 

A 

D 

s 

C 

M 

T 

B 

A 

T 

O 

P 

O 

S 

R 

R 

N 

A 

M 

/ 

K 

E 

■9 

C 

I 

■■ 

E 

S 

99 

MATERIALS 

T 

C 

N 

S 

E 

M 

S 

■9 

I 

R 

/ 

O 

N 

N 

D 

X 

/ 

G 

E 

■9 

R 

T 

19 

E 

E 

■9 

■9 

■9 

■I 

Narrow-Band  Corion 

• 

Neutral  Density  Band  Corion 

• 

Broadband  Corion 

D 

Al-MgFj  on  MgFj  Substrate  (1216  A) 

• 

Al-MgFj  on  MgF^  Substrate  (1270  A) 

• 

Al-MgFj  on  Quartz  Substrate 

— 

■■ 

(2430  A) 

■I 

^91 

191 

ZnS/Cryolitc/Silver  on  Fused  Silica 

• 

(Cemented  with  Epon  828) 

ZnS/Cryolite/Silver  on  Fused  Silica 

Q 

(Air-spaced,  No  Cement) 

ThFyCryolite  on  Fused  Silica 

— 

(Air-spaced,  No  Cement) 

ZrO/Cryolite/Silver  on  Fused  Silica 

• 

(Air-spaced,  No  Cement) 

ZnS/ThF^  on  Fused  Silica 
(Air-spaced,  No  Cement) 

D 

•  Data  contained  in  this  section 
«  Data  contained  in  ether,  cross-referenced  sections 
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•  Data  contained  in  this  section 
«  Data  contained  in  other,  cross-refcrcttccd  sections 


4.7.1  Covered  UV/Visible  Optical  Filters 

The  UV/visible  filters  discussed  in  this  section  were  flown  on  LDEF  with  an 
aluminum  cover.  (The  remainder  of  the  UV/visible  filters  flown  on  LDEF  were  exposed 
directly  to  the  space  environment.  These  filters  are  discu.ssed  in  Section  4.7.2.) 


4.7. 1.1  Impacts 

At  the  present  time,  no  data  have  been  found  for  this  section. 
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4.7.1.2  Atomic  Oxygen 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4.7.1.3  Scatter 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4.7. 1 .4  Absorption/T ransmission/Reflectance 

The  most  common  responses  for  filters  was  slight  to  significant  reduction  in 
transmittance  accompanied  by  shifts  in  center  wavelength  toward  the  blue.  Table  4.7.1.4a 
summarizes  and  provides  a  guide  to  the  materials  contained  in  this  section. 


Table  4.7.1.4a  Transmittance  Data  Base  For  UV/Visible  Optical  Filters  Exposed 
Indirectly  To  Space  Environment 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Narrow-Band  Corion' 

E.62 

E5 

Reduced  transmission 

Neutral  Density  Band  Corion' 

E.63 

E.5 

No  change  in  transmittance 

Broadband  Corion' 

E.64 

E5 

No  change  in  transmittance 

Al-MgFj  on  MgFj  Substrate 

(1216  A) 

E.65 

B3 

Reduced  transmittance  and  shift  in 
center  v/avelength 

Al-MgF2  on  MgF,  Sub.strate 
(1270  A) 

E.66 

B3 

Reduced  transmittance  and  shift  in 
center  wavelength 

Al-MgFj  on  Quartz  Substrate 
(2430  A) 

E,67 

B3 

Reduced  transmittance  and  shift  in 
center  wavelength 

These  filters  were  provided  by  Corion  Conwralion.  HoUision,  MA.  Spetifie  material  slack -ups  for  the  filter  were  not 
explicitly  identified.  Ihe  narrow-band  fillers  were  composed  of  quarter-wave  thick  slacks  of  dielectric  materials.  The 
neutral  density  fillers  did  not  use  quarter-wave  dielectric  slacks  but  were  composed  of  a  single  layer  of  Inconel  coating 
which  provides  approximately  uniform  alicnutilion  across  the  visible  spectrum.  The  hot-mirror  interference  filters  were 
deposited  on  glass  with  a  Thb'j  layer  at  the  surface.  One  of  Ihe  wideband  hot -mirror  filters  was  examined  by  SEM  and 
was  found  to  be  composed  of  eleven  layers  of  (ThFv'ZnS)  pairs  deposited  on  a  glass  substrate. 


4.7,  Optical  Filters  for  UV/Visible  Optics 

From  experiment  SOOSO-l,  the  Corion  narrow-  and  broad-band  optical  filters  showed  a 
small  but  significant  reduction  in  transmission  and  is  believed  to  be  related  to  degradation  of 
the  cement  used  in  the  filter  construction  (Ref.  13).  Neutral  density  filters  (inconel  films) 
show  increased  transmission,  likely  due  to  erosion  of  the  deposited  layer.  Organic  deposits  are 
seen  on  the  films.  The  deposits  are  greater  in  the  center  than  along  the  rim  where  the 
samples  were  covered  (Ref.  14). 

The  samples  from  A0138-4  (the  1216  A,  1270  A,  and  2430  A  filters)  all  showed 
reduced  transmittance  and  a  shift  in  center  wavelength  toward  the  blue  (Ref.  10). 

4.7.1.5  Darkening 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4.7. 1.6  Stress 

At  the  present  time,  no  data  have  been  found  for  this  .section. 

4.7.1.7  Contamination/Deterioratiun 

A  number  of  filter  materials  flown  on  LDEF  w'ere  retrieved  with  contamination.  A 
typical  example  is  the  set  of  samples  from  experiment  S0050.  On  the  LDEF  tray,  the  green 
epoxy-fiberglass  mounting  strips  were  changed  to  a  walnut  brown  where  they  were  expo.sed 
to  the  space  environment.  Where  covered,  the  original  green  color  was  tnaintained.  The  tray 
was  covered  with  a  light  coating  of  brown  stain  which  is  believed  by  NAS.A  to  be  the  result 
of  Z-306  thennal-conlrol  black,  paint  outgassing  in  the  space  environment  and  becoming  fixed 
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in  place  by  the  effects  of  solar  UV.  The  weight  deiusity  of  this  material  has  been  estimated  to 
be  0.2  mg/cm^  (Ref.  15).  Analysis  of  this  contamination  is  still  underway  as  of  this  writing. 


4.7.2  Exposed  UV/Visible  Optical  Filters 

The  UV/visible  filters  discussed  in  this  section  were  flown  on  LDEF  exnosed  directly 
to  the  space  environment. 

4.7.2. 1  Impacts 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4.7.2.2  Atomic  Oxygen 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4.7.2.3  Scatter 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4.7.2.4  Absorption/T ransmission/Reflectance 

Narrow-  and  broad  band  optical  filters  showed  a  small  but  significant  reduction  in 
transmission  and  is  believed  to  be  related  to  degradation  of  the  cement  used  in  the  filter 
construction.  Neutral  density  filters  (inconel  films)  show  increa.sed  transmission,  likely  due  to 
erosion  of  the  deposited  layer  (Refs.  1 3  and  14). 

Table  4.7.2.4a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 
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Table  4.7.2.4a  Absorption/TTansmittance/Refleclance  Data  Base  For  UV/VisibIc  Optical 
Filters  Exposed  Directly  To  Space  Environment 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Narrow-Band  Corion' 

E.68 

E5 

Reduced  transmission 

E,69 

E5 

Shift  in  center  wavelength 

E.70 

E5 

Broadening  of  bandpass 

Neutral  Density  Band 
Corion' 

E.72 

E5 

Increased  transmittance 

Broadband  Corion' 

E.65 

E5 

Reduced  transmittance 

E,66 

E5 

Deterioration  of  interference  coatings 

Al-MgFj  on  MgF, 
Substrate  (1216  A) 

E.74 

B3 

Reduced  transmittance  and  shift  in  center 
wavelength 

Al-MgF2  on  MgFj 
Substrate  (1270  A) 

E.75 

- 1 

B3 

Reduced  transmittance  and  shift  in  center 
wavelength 

Al-MgF,  on  Quartz 
Substrate  (2430  A) 

E,76 

B3 

Reduced  transmittance  and  shift  in  center 
wavelength 

ZnS/Cryolitc/Silver  on 
Fused  Silica 
(Cemented  with  Epon 
828) 

E.77 

B8 

Reduced  transmittance 

ZnS/Cryolite/Silver  on 
Fused  Silica 
(Air-spaced,  no 
cement) 

E,78 

B8 

Slight  reduction  in  traasmiitance  with  slight 
shift  of  center  wavelength 

ThFj/Cryolitc  on 
Fused  Silica 
(Air-space,  no 
cement) 

E.79 

B8 

Increase  in  transmittance  (due  to  pinholes  in 
some  of  the  metal-dielectric  coatings) 

ZrOi/Cryolilc/Silvcr 
on  Fu,scd  Silica 
(Air-spaced,  no 
cement) 

E,80 

B8 

Reduced  transmittance 

ZnS/ThFj  on  Fused 
Silica 

(Air-spaced,  no 
cement) 

l,H1 

B8 

Slight  dccrea.se  in  transmittance  near  short 
wave  cutoff.  Slight  incrcirse  in  transmittance 
near  bluer  wavelengths  (apparent  reduction  in 
extinction  coefficient  of  ZnS) 
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Table  4.7.2.4a  Absorption/Transmittance/Reflectance  Data  Base  For  UV/Visible  Optical 
Filters  Exposed  Directly  To  Space  Environment  (Cont.) 


MATERIALS 

figurp:s 

LDEF 

LOCATION 

COMMENTS 

ThFyCiyolitc  on 
Fused  Silica  (Air- 
spaced,  No  Cement) 

E.82 

B8 

Increase  in  transmission  (due  lo  pinholes  in 
some  of  the  metal-dielec aic  coatings) 

PbPj/Cryolitc  on 

E.83 

B8 

Reduced  transmittance  (due  to  increase 

Fused  Silica  (Air- 
spaced,  No  Cement) 

E.84 

absorption  in  the  lead  compound) 

ZnS/Cryolite/Silver  on 
Fused  Silica 
(Cemented  with 
APCO  R313) 

E.83 

B8 

Slight  reduction  in  transmittance 

I’hese  filters  were  provided  hy  Corion  Coqx)railoiK  lloUiston.  MA.  S|X'cific  maicrial  siack*ups  for  iJie  filler  were  not 
c.\plicitly  identified.  The  narrou'-hand  fillers  were  coin['*oscd  of  quarter-wave  thick  .stacks  of  dielectric  materials,  llie 
neutral  density  fillers  did  not  use  quarter-wave  dielectric  stacks  but  were  composed  of  a  single  layer  of  Inconel  coating 
which  provides  appro;>iinalcly  uniform  attenuation  across  the  visible  spccirum.  Tlic  hot-nhiror  interference  filters  were 
deposited  on  gla.ss  with  a  lhl‘4  layer  at  the  surface.  One  of  the  widc-band  hot -mirror  filters  was  examined  by  SEM  and 
was  found  to  Iv  conqxised  of  eleven  layers  of  pairs  deposited  on  a  glass  substrate. 


From  experiment  S0050-1,  the  Corion  narrow-  and  broad-band  optical  filters  showed  a 
small  but  significant  reduction  in  transmission  believed  to  be  related  to  degradation  of  the 
cement  used  in  the  filter  construction  (Ref.  13).  Neutral  density  filters  (inconel  films)  show 
increased  transmission,  likely  due  to  erosion  of  the  deposited  layer.  Organic  deposits  are  seen 
on  the  films.  The  deposits  are  greater  in  the  center  than  along  the  rim  where  the  samples 
were  covered  (Ref.  14). 


The  samples  from  A0138-4  (the  1216  A,  1270  A,  and  2430  A  filters)  all  showed 
reduced  transmittance  and  a  shift  in  center  wavelength  toward  the  blue  (Ref  10). 


For  the  AO  147  filters,  with  the  exception  of  the  lead  compounds,  the  filters  survived 
very  well.  Tlie  Epon  cement  degraded  somewhat  at  500  nm  (other  wavelengths  were  masked 
by  the  filter).  The  failure  mode  (degradation)  of  the  lead  compounds  was  a  wavelength- 
independent  increase  in  absorption  with  no  change  in  spectral  characteristic.  In  an  instrument, 
signal  would  be  lost  but  spectral  stability  maintained.  In  the  case  of  filters  containing  A1 


V 
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layers,  the  transmission  increases  were  attributed  to  the  pinholes  which  developed  during 
exposure.  This  form  of  failure  would  reduce  signal  to  noise  but  would  not  influence  spectral 
band  position  or  width.  The  reason  for  the  development  of  pinholes  has  not  yet  been 
established  by  the  experimenters.  One  possibility  identified  is  that  defects  or  contamination 
in  the  coating  caused  local  heating  due  to  increased  absorption  which,  in  turn,  caused  coating 
removal  (Ref,  24). 


4.7.2.5  Darkening 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4.7.2.6  Stress 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4.1. 2.1  Contamination/Deterioration 

A  number  of  filter  materials  flown  on  LDEF  were  retrieved  with  contamination,  A 
typical  example  is  the  set  of  samples  from  experiment  S0050.  On  the  LDEF  tray,  the  green 
epoxy-fiberglass  mounting  strips  were  changed  to  a  walnut  brown  where  they  were  exposed 
to  the  space  environment.  Where  covered,  the  original  green  color  was  maintained.  The  tray 
was  covered  with  a  light  coating  of  browai  stain  which  is  believed  by  NASA  to  be  the  result 
of  Z-306  thermal-control  black  paint  outgassing  in  the  space  environment  and  becoming  fixed 
in  place  by  the  effects  of  solar  LJV.  The  weight  density  of  this  material  has  been  e.stimated  to 
be  0.2  mg/cm^  (Ref.  15).  For  the  exposed  filter  materials,  organic  deposits  were  seen  on  the 
films.  The  deposits  were  greater  in  the  center  than  along  the  rim  where  the  samples  were 
covered.  Analysis  of  this  contamination  is  still  underway  as  of  this  writing. 
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4.8  OPTICAL  FILTERS  FOR  IR  SYSTEMS 


There  were  two  experiments  that  contained  optical  filter  materials  designed  for  use 
with  IR  optics.  Table  4.8. a  shows  a  summary  of  the  experiments  containing  IR  optical 
coatings. 


Table  4.8.a.  Experiment  Summary  for  IR  Optical  Filters 


EXPERIMENT 

IR  OPTICAL  FILTERS 

A0056 

CaFj,  Low  Index  Ratio  Quarter-Wave  Blocking 
Zn.Se/ZnS/KRS-5  on  KRS-6  Substrate,  PbTe/ZnS  on  Gc 
Substrate  15  am  10  percent  HBW  L-Spacer  THW  Band- 
Pass  Filter.  PbTe/ZnS  8-12  pm  Tschebyshev  Edge 
Band-Pa.ss  Filter  (Antireflected)  on  Gc  Substrate, 

PbTc/ZnS  14.5  pm  0.7  percent  HBW  Spiit-.Spacer 
Fabry-Perot  Band-Pass  Filter  on  Ge  Substrate 

A0138 

ZnS/Chiolilc  on  BK7G18  and  RG780  Glasses  (820  nm 
Interference  Filter) 

Table  4.8.b  shows  the  IR  optical  filter  materials  and  the  effects  addressed  by  the 
LDEF  experimenters. 
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•  Data  contained  in  this  section 
o  Data  contained  in  other,  cross-rctcrcnccd  sections 


4.8.1  IR  Optical  Filters 


4.8.1. 1  Impacts 


From  experiment  A0056,  it  is  seen  that  the  micrometeoroid/debris  impact  on  the  CaF 
sample  occurred  near  the  edge  of  the  sample  holder.  The  impact  crater  was  about  1  mm  in 
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diameter  with  a  spallation  zone  diameter  of  about  5.5  mm.  The  substrate  cleaved  in  two 
directions  outward  from  the  crater  site  to  the  opposite  sides  of  the  sample,  and  at  an  angle  of 
about  75°,  breaking  the  sample  into  three  pieces.  This  verifies  the  fragile  and  brittle  nature  of 
CaFj  as  a  substrate  material,  while  remaining  optically-functional  (Ref.  16). 


Table  4.8.1.1a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 


Table  4.8.1.1a.  Impacts  Effects  Base  For  Infrared  Optical  Filters 


MATERI.\LS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

CaFj 

E.I8 

B8 

=  1  mm  diameter  impact  crater  with 
spallation  zone  diameter  of  =  5.5  mm. 

Substrate  cleaved  in  two  directions  outward 
from  the  crater  site  to  the  opposite  sides  of 
the  sample,  and  at  an  angle  of «  75“. 
breaking  sample  into  three  pieces 

4.8. 1.2  Atomic  Oxygen 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4,8.1.3  Scatter 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4.8. 1.4  Absorption/Transmission/Reflectance 

The  primary  experiment  providing  data  in  this  area  is  experiment  A0056.  In  general, 
the  results  of  experiment  A0056  show  that  the  effects  of  space  exposure  on  the 
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high-performance  filters  were  negligible.  No  significant  changes  were  found  either  in 
transmission  or  spectral  position  of  any  hard-coated  II-VI/PbTe-based  multilayers  on  Ge 
substrates.  The  softer  materials  were  adversely  affected  in  their  physical  and  optical 
properties  by  the  long  exposure  in  space,  from  a  reduced  transmission  to  a  complete  opacity 
(Ref.  16). 

Table  4.8.1.4a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 


Table  4.8.1.4a.  Absorption/Transmission/Reflectance  Effects  Base  For 
Infrared  Optical  Filters 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Low  Index  Ratio 
Quarter-Wave 
Blocking 

ZnSe/ZnS/KRS-5  on 
KRS-6  Substrate' 

E.86 

G12 

Reduced  transmission 

PbTe/ZnS  on  Gc 
Subsaate  15pm 

10  percent  HBW 
L-Space  THW  Band- 
Pa.ss  Filter 

E.87 

G12 

No  significant  changes  in  Uansmission  or 
.spectral  position 

PbTc/ZnS  8-17  |tm 
Tschcbyshcv  Edge 
Band-Pa.s.s  Filter 
(Antireflcctcd)  on  Gc 
Substrate 

E.88 

B8 

No  significant  cliangcs  in  Uansmission  or 
spectral  position 

PbTe/ZnS  on  Gc 
Substrate  14.5pm  0.7 
percent  HBW  Split- 
Spacer  Fabry-Perot 
Band-Pass  Filter 

E.89 

B8 

No  significant  changes  in  transmission  or 
spectral  position 

ZnS/Cliiolitc  on 
BK7G18  and  RG780 
Glasses  (820  nm 
Interference  Filter) 

E.90 

B8 

Slight  reduction  in  transmission 

KRS-6  substrate  is  niallium-Chlonne-Bromine  with  a  33-layer  ZnS/KRS-5  and  ZiivSe/KRS  5  coating.  KRS  5  is  Tlidilium- 
Bromine-Iodinc. 
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^  The  optical  IR  filters/materials  in  experiment  A0056  are  divided  into  three  main 

categories:  uncoated,  soft-coated,  or  hard-coated.  Soft-coated  filter  materials  comprised 
principally  KRS-5  (TlBrl)-based  multilayers  deposited  on  KRS-5  or  KRS-6  (TlClBr) 
substrates.  These  materials  were  designed  to  utilize  long-wavelengtli  Reststrahl  blocking 
properties  by  multilayer  interference.  Hard-coated  filter  materials  comprised  spectral  filters 
from  atmospheric-sensing,  weather  forecasting,  research  and  planetary  satellites  (NIMBUS  4- 
7,  ITOS,  TIROS-N,  PIONEER,  and  GALILEO)  that  were  cuneiU  at  the  time  of  the  LDEF 
flight.  The  filter  materials  are  primarily  Pb-based  on  Ge  substrates.  A  brief  description  of 
data  (Ref.  16)  for  uncoated,  soft-coated,  and  hard-coated  materials  follows: 

Uncoated:  Correlation  of  average  transmittance  was  very  high  between  pre-  and 
post-flight  measurements.  A  consistent  loss  in  transmission  (-0.765  percent)  was  indicated 
but  this  was  sufficiently  close  to  zero  to  infer  no  change  within  the  transmission  accuracy 
envelope  permitted  (Ref.  16). 

Soft-coated:  Comparison  of  pre-  and  post-fiiglu  average  transmittance  values  was 
made  from  samples  from  both  sites,  and  the  coirelation  was  very  low  (-0.168)  indicating  no 
correlation  between  pre-  and  post-flight  sample  spectra.  This  was  also  evident  from  visual 
inspections  where  gross  physical  degradation  and  delamination  of  the  coatings  and  subsU'ate 
materials  was  evident,  having  occuned  as  a  result  of  space  exposure  and  the  effects  of  AO 
bombardment.  Post-flight  visual  and  spectral  analysis  of  tlie  soft  materials  showed  that  less 
degradation  had  occurred  in  the  Earth-facing  tray  (G12)  than  in  the  leading  edge  tray  (B8) 
(Ref.  16) 

Hard-coated:  Pre-  and  post-flight  comparisons  were  well  correlated.  They  showed  a 
small  and  consistent  loss  in  transmission  for  both,  within  tlie  accuracy  envelope.  The.se  . 
samples  are  considered  stable  and  show  no  degradation  for  the  exposure.  A  PbTe/ZnS-based 
sample  was  cleaned  in  1,1,1,-Trichloroethane  and  2-propanol  and  remeasured.  The  spectrum 
remained  unchanged  and  it  was  deduced  that  the  surface  was  not  contaminated  by  exposure  to 
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space;  its  loss  of  transmission  therefore,  according  to  the  experimenter,  must  be  ascribed  to 
another  mechanism  (Ref.  16). 


4.8.1.5  Darkening 

At  the  present  time,  no  data  have  been  found  for  this  section 


4.8. 1.6  Stress 

At  the  present  time,  no  data  have  been  found  for  this  section 


4.8.1.7  Contamination/Deterioration 

At  the  present  time,  no  data  have  been  found  for  this  section 
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4.9  MIRRORS 

All  data  contained  in  this  section  are  from  samples  flown  on  experiment  stations 
M0003-2,  -7,  and  -11.  Table  4.9. a  shows  a  summary  of  the  experiments  containing  mirror 
samples.  Table  4.9. b  shows  the  mirror  materials  and  the  effects  addressed  by  the  LDEF 
experimenters. 


Table  4.9.a.  Experiment  Summary  for  Mirrors 


EXPERIMENT 

MIRRORS 

AO034 

SiO/Al  on  Pyrex.  Os/Al  on  Quartz,  Ag/Al  on  Quartz. 

Au/Al  on  Quartz.  MgFj/Al  on  Quartz 

A0114 

Sputtered  Cu  on  fu.scd  silica  and  OFHC  copper 

A0138-3 

WRe/Si  on  Glass 

AO  138-4 

LaFj/Chiolilc/MgFj  on  B  1664  Glass.  AI/MgFj  on  B1664 
Glass,  ThF.^Ag  on  B1664  Glass.  AiPj/Ag  on  Kanigened 
Al,  MgO/MgF,  on  B1664  Glass,  TiOj/SiOj  on  B 1664 

Glass,  Ge/ZnS?rhF4  on  B 1664  Glass,  MgFj/AI  on 
Kanigened  Al 

AO  138-.') 

Al  on  Glass,  Pt  on  Glass 

MO(X)3-2,  -7,  and  -11 

Bare  Mo.  Cu.  Diamond-Turned  Cu.  Diamond-Turned  Ni- 
plated  Cu.  ThFj/Ag/Cr  on  Mo.  (Si/Al,Oj)VAg  on 

Polished  Si.  (ZnS/AljOjlVAg  on  Polished  Mo,  and 
(ZnS7rhF4)VAg  on  Polished  Mo 

4.9.1  Mirrors 

4.9.1.1  Impacts 

LDEF  mirror  samples  showed  localized  damage  at  the  sites  of  impact.  Table  4.9.1.1a 
summarizes  materials  and  provides  a  guide  to  data  contained  in  this  section. 
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Table  4.9b.  Mirrors 


•  Data  contained  in  this  section 
•  Data  contained  in  other,  cross  irfercnccd  seciion.s 
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Table  4.9.b.  Mirrors  (Cont.) 


•  Data  contained  in  this  section 
«  Data  contained  in  rfhci,  cross-referenced  sections 
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Table  4.9.1. la.  Impacts  Effects  Data  Base  on  Mirrors 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Cu 

E.91 

D9 

No  damage  to  substrate  beyond  area  of 
impact. 

Ni-Cu 

E.95 

D9 

Splatter  of  resolidified  matter  around  craters. 
Damage  is  similar  to  that  ^.een  in  uncoated 

Cu. 

(ZnS/AljOjlVAg  on 
Polished  Mo 

None 

D8 

Impacts  revealed  multilayer  structure. 

Evidence  of  melting  around  impact  sites. 

(ZnSTThFdVAg  on 
Polished  Mo 

None 

D4 

Splatter  of  resolidified  matter  around  craters. 

Cu  and  Ni-Cu  metal  mirrors  were  evaluated  for  this  effect  and  all  of  the  LDEF 
samples  showed  localized  damage  at  the  site  of  impact.  No  damage  to  the  mirror  substrates 
was  observed  beyond  the  area  of  impact  (Ref.  9).  Impacts  on  a  (ZnS/Al203)'*/Ag/Mo  mirror 
revealed  the  multilayer  structure  and  also  showed  signs  of  melt  (Ref.  17).  On  a 
(ZnS/ThF4)’Ag/Mo  sample,  impacts  did  not  reveal  the  multilayer  structure  but  debris  was 
splattered  about  the  site  (Ref.  17). 


4.9.1. 2  Atomic  Oxygen 

Copper  mirrors  were  flown  on  experiment  AOl  14  on  both  the  leading  and  trailing 
edge.  I'he  trailing  edge  showed  little  effect  of  AO.  The  samples  on  the  leading  edge 
received  a  total  f.uence  of  8.72  x  10^'  oxygen  atoms/cm^  X-ray  diffraction  measurements 
and  high  resolution  profilometry  showed  that  the  copper  was  converted  stoichiometrically  to 
Cu^O  (Ref.  18). 

Table  4.9.1.2a  summarizes  materials  and  provides  a  guide  to  data  contained  in  this 


section. 
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Table  4.9.1.2a.  Atomic  Oxygen  Effects  Data  Base  on  Mirrors 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Cii 

None 

C9 

Copper  was  converted  stoichiometrically  to 
Cup. 

4.9. 1.3  Scatter 

The  data  reported  in  this  section  are  from  experiment  M0003-2.  Table  4.9.1.3a 
summarizes  and  provides  a  guide  to  the  materials  contained  in  this  section. 


Table  4.9.1.3a.  Scatter  Effects  Data  Base  on  Mirrors 


MATERIALS 

FIGURES 

ldf:f 

COMMENTS 

LOCATION 

Bare  Mo 

None 

" 

D4 

D8 

Scatter  data  taken  at  1.064  pm.  All  samples 

D9 

highly  scattering. 

The  bare  Mo  mirror  sample  was  flown  as  part  of  the  M0003-2  experiment.  Samples 
were  flown  on  the  leading  edge  and  the  trailing  edge  of  LDEF  and  received  exposures  of  3 
months,  6  months,  9  months,  and  69  montlis.  Scatter  data  were  taken  at  1.064  pm.  All 
samples  were  highly  scattering.  Except  for  the  leading  edge,  69-month  sample,  a  trend  did 
not  appear  between  samples  exposed  on  the  trailing  edge  and  samples  exposed  on  the  leading 
edge.  Even  though  all  samples  were  highly  .scattering,  the  optic  exposed  for  the  full  duration 
of  the  flight  (the  69-month  exposure)  .scatters  more  than  one  order  of  magnitude  more  light 
than  do  samples  exposed  for  9  months  or  less  (Ref.  5). 
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4.9.1.4  Absorption/Transmission/Reflectance 

A  number  of  absorption/transmission/reflectance  effects  on  UV/visible  and  IR  mirrors 
were  reported  on  by  LDEF  experimenters.  The  primary  data  discussions  for  these  materials 
are  covered  in  the  UV/visible  and  IR  coatings  sections.  The  data  reported  on  in  this  section 
are  from  experiments  A0138-3,  A0138-5  and  M0003-7.  Table  4.9.1.4a  summarizes  and 
provides  a  guide  to  the  materials  contained  in  this  section.  Table  4.9.1.4b  shows  references  to 
related  materials/effects  covered  in  other  sections  of  this  handbook. 

Table  4.9.1.4a.  Absorption/Transmission/Reflectance  Effects  Data  Base  on  Mirrors 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

WRe/Si  on  Glass 

E.112 

B3 

Peak  relleclivitics  are  within  10  to  15  percent 
of  pre-flight  measurements 

A1  on  Glass 

E.llO 

B3 

Loss  of  rencctance  less  than  10%  over  whole 
spectral  range  for  samples  internal  to 
spacecraft,  Loss  of  reflectance  of  up  to  30% 
at  220  nm  for  space-facing  samples 

Pt  on  Glass 

E.lll 

B3 

Loss  of  reflectance  around  10%  at  thicc 
specific  test  wavelengths  (58.4  nra,  74.4  nm, 
and  121.6  nm)  for  samples  internal  to 
.spacecraft.  Loss  of  reflectance  of  up  to  35% 
at  121.6  nm  for  space-facing  samples 

(Si/AljOdVAg  on 
Polished  Si 

None 

D8 

Minimal  reduction  in  reflectance  at  the  desired 
wavelength,  2.8  pm.  but  with  an  indication  of 
surface  oxidation  and  reduction  of  reflectance 
at  longer  wavelengths  (i.e..  '’-4  pm) 

(ZnS/AljOjlVAg  on 
Polished  Mo 

None 

D8 

Significant  reduction  in  reflectance  with 
apparent  spectral  shift  of  the  rellectancc 
maximum.  Dendritic  growth  also  apparent. 

(ZnS/ThF4)VAg  on 
Polished  Mo 

None 

D4 

Significant  reduction  in  rellcctancc  with 
apparent  spectral  shift  of  the  reflectance 
maximum.  Dendritic  growth  also  apparent. 
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Table  4.9.1.4b.  Absorption/Transmission/Reflectance  Effects  Data  Base  for  Coatings 
Applicable  to  Mirrors 


MATERIALS/ 

SUBSTRATE 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Al-MgF^/ 

B 1664  Glass' 

E,41 

B3 

Outside/inside  samples  had  significantly- 
reduced  reflectance  over  all  wavelengths. 

ThF,-Ag/ 

B 1664  Glass' 

E,42 

B3 

Outside/inside  samples  showed  little  change  in 
reflectance  over  all  wavelengths. 

AljOj-Ag/ 

Kanigen' 

E.43 

B3 

Outside/insidc  samples  had  significantly- 
reduced  reflectance  except  at  the  blue  end. 

Al-MgF^ 

Kanigen' 

E.44 

B3 

Inside  sample  had  significant  reduction  in 
reflectance  at  upper  end.  Outside  sample  had 
significant  reduction  across  the  entire  band. 

MgO-MgFj/ 

B 1664  Glass' 

E.45 

B3 

Inside  sample  showed  slight  shift  in 
rcllcctance.  Outside  sample  had  little 
reduction  at  the  blue  end  but  a  slight  shift  to 
the  high  end. 

E.46 

B3 

inside  .sample  showed  a  significant  reduction 
in  transmittance  at  the  blue  end.  Outside 
sample  had  a  significant  reduction  in 
naasinission  at  the  blue  end  and  a  slight 
reduction  at  the  upper  end. 

Visible  1060  nm 
minor/TiOi-SiOj  on 

B 1664  Glass' 

None 

B3 

Remained  optically  efficient. 

10.6  fim  minor/Gc- 
ZnS-ThF^  on  B 1664 
Glass" 

None 

B3 

No  significant  change 

'  Data  relevant  to  this  material  are  presented  in  Section  4.5. 1.4. 
^  Data  relevant  to  this  material  arc  presented  in  Section  4.6. 1.4. 


For  the  AOri8-3  sample,  the  WRe/Si  on  glass  mirror  was  evaluated  using  a  classical 
reflectometer.  The  peak  post-flight  reflectivities  of  the  mirror  were  found  to  be  within  10  to 
15  percent  of  the  pre- flight  measurements.  This  degradation  was  estimated  to  be  due  in  part 
to  the  3  nm  contamination  observed  by  the  experimenters  on  the  mirror  surface  (Ref.  25). 
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For  the  A0138-5  samples,  the  A1  and  Pt  coatings  on  Glass  were  flown  as  witness 
mirrors  for  the  ruled  and  holographic  diffraction  gratings  portions  of  the  experiment.  There 
were  two  sets  of  space-borne  samples:  one  set  was  space-facing  and  a  second  set  was  turned 
inward.  For  the  inward  facing  sample  set,  both  A1  and  Pt  witness  mirrors  experienced  some 
degradation  in  reflectance.  The  A1  coating  lost  less  than  10-%  reflectivity  over  the  whole 
spectral  range  while  the  Pt  coating  lost  reflectivity  of  around  10-%  for  three  discrete  test 
wavelengths  (58.4  nm,  74.4  nm,  and  121.6  nm).  For  the  space-facing  sample  set,  both  A1  and 
Pt  w'itness  mirrors  experienced  degradations  in  reflectivity  that  were  more  pronounced  than 
for  the  inward-facing  samples.  The  A1  coating  lost  up  to  30-%  reflectivity  (at  220  nm)  while 
the  Pt  coating  lost  up  to  35-%  reflectivity  (at  121.6  nm)  (Ref.  23). 

For  the  M0003-7  samples,  the  (Si/Al203)VAg  on  polished  Si  mirror  showed  a  minimal 
reduction  in  reflectance  at  the  desired  wavelength  of  2.8  pm,  but  with  an  indication  of  surface 
oxidation  and  reduction  in  reflectance  at  longer  wavelengths  (i.e.,  3-4  pm).  Zinc-sulfide- 
based  coating  designs,  (ZnS/Alj03)‘'/Ag  on  polished  Mo  and  (ZnS/ThF4)VAg  on  polished  Mo, 
showed  significant  reductions  in  reflectance  at  the  desired  wavelength  with  large  spectral 
shifts  of  the  reflectance  maxima  apparent.  Dendritic  formations  were  also  seen.  A 
combination  of  thermal  cycling  and  irradiation  effects  probably  provided  energy  for  the 
dendrite  formation  process  (Ref.  23). 

4.9. 1.5  Darkening 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4.9. 1.6  Stress 

Table  4.9.1.6b  shows  references  to  related  materials/effects  covered  in  other  sections 
of  this  handbook. 
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Table  4.9.1.6b.  Stress  Data  Base  for  Coated  Refractive  Optics 
Applicable  to  Mirrors 


MATERIALS/ 

COATING 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

LaFj/Chiolitc/MgFj' 

None 

B3 

Did  not  survive  because  of  high  sU'css  levels 

‘  Data  relevant  to  ihis  material  arc  presented  in  Sevlion  4. 3.2.6. 


4.9. 1.7  Contamination/Deterioration 

All  samples  were  hazed  and  discolored  with  corrosion  spots  on  the  surface.  The  Cu 
sample  showed  grain  boundaries  (Ref.  9).  Table  4.9.1.7a  summarizes  and  provides  a  guide  to 
the  materials  contained  in  this  section. 


Table  4.9.1.7a.  Contamination/Deterioration  Effects  Data  Base  for  Mirrors 


MATERIALS/ 

SUBSTRATE 

FKIURES 

LDEF 

LOCATION 

COMMHINTS 

.   .  .  .  -  . 

Ni 

E.92 

D9 

Corr(xlcd  and  hazed  surrounded  by 
di.scoloration  zone. 

Diainond-Turncd  Cu 

E.9.t 

D4 

Hazy,  riiscolorcd  surface  with  coimsion 
spot.s. 

E.94 

D4 

Haz.y,  discolored  surface  showing  grain 
Iroundarics. 

Table  4.9.1.7b  shows  references  to  related  material  s/effects  covered  in  other  sections 


of  this  handbook. 


Table  4.9.1.7b.  Contamination/Dctcrioration  Effects  Data  Base  for  IR  Coatings 
Applicable  to  Mirrors 


MATERIALS/ 

FIGURES 

LDEF 

COMMENTS 

SUBSTRATE 

LOCATION 

(ZnS/AiPjlVAg 

E.59 

D8 

Corroded  and  hazed. 

Polished  Mo' 

SiO/Si  on  Pyrex^ 

None 

C3 

Degradiition  in  UV  spectral  reflectance  due 

C9 

to  contamination. 

Os/Al  on  Quartz^ 

None 

C3 

Complete  oxidation  of  the  silver  film  and 

C9 

complete  oxidation  and  evaporative  removal 
of  Os  film  on  leading  edge. 

Ag/Al  on  Quartz^ 

None 

C3 

Complete  oxidation  of  Ihe  silver  film  in  both 

C9 

leading  edge  and  trailing  edge  samples. 

Au/Al  on  Quartz^ 

None 

C3 

Slight  visual  difference  in  leading  edge 

C9 

samples.  No  obvious  effect  on  trailing  edge 
samples. 

MgF^/Al  on  Quartz^ 

None 

No  visible  effect  in  leading  edge  or  trailing 

1 

edge  samples. 

'  Data  relevant  to  this  material  are  presented  in  Section  4.6.I.7. 
*  Data  relevant  to  this  material  are  presented  in  Section  4.5. 1.7. 


4.10  SECOND  SURFACE  MIRRORS 

Second  surface  mirror  (SSM)  materials  were  flown  on  LDEF  experiments  M0003-5, 
M0003-11,  and  S1002.  Data  obtained  for  this  handbook  were  from  experiment  S1002.  The 
SSM  coatings  were  deposited  in  the  configurations  of  the  SSM/interference  filter  (IF)  and 
SSM/lF/condiictive  layer  (LS)  and  were  characterized  by  analyzing  the  change  in  the 
coating’s  solar  absorptivity  (a)  and  emissivity  (e).  All  the  space-exposed  surfaces  showed 
increases  in  solar  absoiptivity  of  varying  magnitudes.  The  magnitude  of  the  solar  absorptivity 
change  varied  from  sample  to  sample  but  spanned  the  values  of  negligible  change  to  0.14 
dependent  upon  the  amount  of  contamination  deposited.  The  second  surface  mirrors 
di.scussed  below  were  in  experiment  S1002  (Ref.  19). 
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Table  4.10.a  shows  a  summary  of  the  experiments  containing  SSMs. 


Table  4.10.a.  Experiment  Summary  for  Second  Surface  Mirrors 


EXPERIMENT 

SECOND  SURFACE  MIRRORS 

S1002 

Quartz/Silver  With  Interference  Filter,  Quartz/Silver 

With  Interference  Filter  and  Conductive  Layer 

Table  4.10.b  shows  the  SSM  materials  and  the  effects  addressed  by  the  LDEF 
experimenters. 


Table  4.10.b.  Second  Surface  Mirrors 


EFFECTS 
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Quailz/Silvcr  With  Interference  Filter 

■ 
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_ 

D 

Quartz/Silver  With  Interference  Filter 

— 

• 

and  Conductive  Layer 

■1 

•  Data  contained  in  this  section 
«  Data  contained  in  other,  cross-refcivnccd  sections 
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4.10.1  Second  Surface  Mirrors 

4.10.1.1  Impacts 

The  quartz-silver  mirrors  did  suffer  some  micrometeoroid/debris  effects  showing  some 
cratering  with  adjacent  conchoidal  areas.  No  estimate  of  the  effect  of  these  craters  on  the 
mirror  performance  has  been  reported  to  date,  however  (Ref.  20). 

Table  4.10.1.1a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 


Table  4.10.1.1a.  Impacts  Effects  Data  Base  For  Second  Surface  Mirrors 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Quartz/Silver 

E.% 

E3 

Microinetcoroid  impact  caused  crater  with 
several  large  conchoidal  areas  adjacent  to 
impact  site. 

4.10.1.2  Atomic  Oxygen 


At  the  present  time,  no  data  have  been  found  for  this  section. 


4.10.1.3  Scatter 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4.10.1.4  Absorption/Transmission/Reflectance 

At  the  pre.sent  time,  no  data  have  been  found  for  this  section. 
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4.10.1.5  Darkening 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4.10.1.6  Stress 

At  the  present  time,  no  data  have  been  found  for  this  section. 

4. 10. 1 .7  Contamination/Dcterioratiun 


The  mirror  samples  reported  in  the  LDEF  data  base  did  show  some  of  the 
contamination  reported  by  otlier  experimenters.  However,  there  was  no  noticeable  increase  or 
only  very  slight  increases  in  the  solar  absorptivity  of  the  minors.  No  appreciable  change  in 
thermal  emissivity  was  seen  in  either  cf  the  S1002  experiment  .samples  (Ref.  19).  'I’ablc 
4.10.1.7a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this  section. 


Table  4.10.1.7a.  Contarniiiation/Dctcrioratiun  Kfl’ects  Data  Bu.se  For 
Second  Surface  Mirrors 


MATICRIAI.S 

MCURK.S 

. . 

I.DKF 

LOCATION 

COMMLNT.S 

Quartz/.Silver  With 
Interference  Filler' 

None 

L3 

No  noticeahle  increase  of  sular  absorptivity 
(a)  due  It)  contaniintiiion  (An  =  0).  No 
appreciable  cliiinye  in  thenntil  emissivity  (r) 

(At  =  0) 

Quartz/Silver  With 
Interference  Filter  and 
Conductive  Layer 

None 

PJ 

Very  slight  increase  of  soku  absurptivity  (a) 
due  to  contaminalit)n  (Aa  =  0.02).  No 
appreciable  change  in  ihennal  emissivity  (e) 

(Ae  =  0) 

This  configuratit’ii  v.'ith  iiitctforciu'e  tiller  luul  three  ijuiiner-wave  layer  jfturs  of  /iiS/AlX),  rt)!K)Weil  hy  layers  of  /.iiS  unci  Al  nn 
the  .SSM.  Die  .S.SM  i*;  fomieil  hy  layers  of  I'etlon.  Al.  Ag.  Inecmel,  IX'  on  Al. 

Hiis  eonfigurulu)!!  with  inleifeivnec  filter  and  etmiUieiive  layer  had  u  layer  <'f  liiiO,,  followed  by  four  (jimilcr*wave  layer  pairs  of 
/hvS  and  AljO,.  fttllowcd  hy  layers  of  PMMA  tuui  Al  on  the  SSM  (.same  cimnKfsition  a.s  alxtvc). 
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4.11  QUARTZ  CRYSTAL  MICROBALANCES 

The  Quartz  Crystal  Microbalances  (QCMs)  flown  on  LDEF  were  of  interest  as 
contamination  monitors  for  companion  optics.  All  data  contained  in  this  section  are  from 
samples  flown  on  experiments  M0003-14  and  S1002.  Table  4.11. a  .shows  a  summary  of  the 
experiment  containing  QCMs. 


Table  4.1  La.  Experiment  Summary  for  QCMs 


EXPERIMKNT 

QCM  CONFIGURATIONS 

M000.V14 

(1)  QCM  crystals  with  9000  A  of  aluminum  ai  J 
aluminum  oxide  (Al  +  AhOjl  and  a  lop  layer  of  150  A 
of  IiijOj  and  (2)  cryslals  with  of  9000  A  of  (Al  +  AhOj) 
and  a  (op  layer  of  150  A  of  ZnS.  Each  of  the  QCMs 
consisted  of  a  pair  of  cry.stals.  one  exposed  to  the 
environment  and  termed  the  "sense"  crystal,  and  one  that 
remained  uncxpo.scd  and.  hence,  termed  the  "reference" 
crystal. 

SI  002 

(1)  QCM  crystals  with  90(X)  A  of  aluminum  and 
aluminum  oxide  (Al  +  Al^O,)  and  a  top  layer  of  150  A 
of  liuOj  and  (2)  crystals  with  of  9(XX)  A  of  (Al  +  AljOj) 
and  a  (op  layer  of  150  A  of  ZnS. 

Table  4.1  l.b  shows  the  QCM  materials  and  the  effects  addrc.s.sed  by  the  LDEF 
experimenters. 


4.11.1  Quartz  Crystal  Microbalances 

4.11.1.1  Impacts 


At  the  present  lime,  no  data  have  been  found  for  this  section. 
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Table  4.11.b.  Quartz  Crystal  Microbalances 


•  Data  contain  ed  in  lliis  section 

•  Data  contained  in  otlier.  cross-mfenenced  sections 


4.11.1.2  Atomic  Oxygen 

At  the  present  time,  no  data  have  been  found  for  this  section. 


4.11.1.3  Scatter 

At  the  present  lime,  no  data  have  been  found  for  this  section. 


4.11.1.4  Absorption/Transmission/Reflectance 

Data  for  the  Experiment  M0003-14  samples  were  taken  and  analyzed  by  LDEF 
experimenters  concerning  absorption  and  reflectance.  For  all  crystals,  there  was  an  increase 
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in  average  reflectance  with  increasing  wavelength.  Positions  of  the  wavelength  maxima  and 
minima  in  the  interference  patterns  are  shifted  negligibly  (Ref.  21). 

Table  4.11.1.4a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 


Table  4.11.1.4a.  Transmission/Reflectance  Effects  Data  Base  For 
Quartz  Crystal  Microbalances 


MATERL\LS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

In^Oj/Al/AljOj  on 
Quartz 

E.97 

E.98 

D3 

D9 

For  all  crystals,  there  is  an  increase  in  average 
reflectance  with  increasing  wavelength. 

Positions  of  the  wavelength  maxima  and 
minima  in  the  interference  patterns  are  shifted 
negligibly.  Trailing  edge  material  (D3,  active) 
experienced  amplitude  modulation  in 
uncorrected  diffuse  reflectance  (probably  due 
to  thickness  interference).  Leading  edge 
material  (D9.  active)  showed  nearly  identical 
modulation  amplitudes. 

ZnS/Al/AljOj  on 
Quartz 

E.99 

E.IOO 

D3 

D9 

For  all  crystals,  there  is  an  increase  in  average 
rcflcclancc  with  increasing  wavelength. 

Positions  of  the  wavelength  maxima  and 
minima  in  the  interference  patterns  are  shifted 
negligibly.  Trailing  edge  material  (D3. 
passive)  experienced  amplitude  modulation  in 
uncorrccted  diffuse  reflectance  (probably  due 
to  thickness  interference).  Leading  edge 
material  (D9.  pa.ssive)  showed  significant 
modulation  amplitudes  over  entire  wavelength 
band. 

The  data  analysis  was  two-phased:  an  FTIR  absorption  analysis  and  an  uncorrected 
diffuse  reflectance  analysis  (Ref.  21).  Each  is  discussed  as  follows: 

FTIR:  An  absorption  chaiacteristic  of  the  Si-0  stretching  vibration  is  observed  on  the 
leading  edge  sense  crystals  1  and  3  at  1061  cm '.  The  most  noticeable  observation  about 
these  spectra  is  the  absence  of  absorption  at  1061  cm  '  on  the  leading  edge  reference  crystals 
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2  and  4,  as  well  as  on  all  the  trailing  edge  crystals  5  through  8.  Since  we  know  from  the 
other  measurements  that  Si  is  indeed  present  on  the  surface  of  the  sense  crystals  on  both  the 
leading  and  trailing  edges,  results  from  the  FTIR  spectra  must  be  interpreted  as  a  measure  of 
the  relative  concentrations  of  Si  on  the  leading  versus  the  trailing  edges,  as  well  as  sense 
versus  reference  crystals,  scaled  by  the  sensitivity  of  this  measurement.  Other  absorptions 
due  to  C-H,  C=0,  and  C-C  stretching  vibrations  and  C-H  deformations  were  observed  in  both 
leading  and  trailing  edge  crystals  at  approximately  the  same  frequencies.  All  the  crystals 
indicate  the  presence  of  C-H  vibrations  in  the  range  2900  to  2500  cm'‘.  In  QC  3,  there  is 
strong  absorption  at  3339  cm  ',  which  is  due  to  the  0-H  stretch  from  water  or  alcohols  on  the 
surface.  A  weak  absorption  at  -1640  cm‘‘  seen  in  crystals  3,  4,  6,  7.  and  8  is  the  C=C  stretch 
from  unsaturated  hydrocarbons.  An  absorption  at  955  cm  ‘  appears  fairly  consistently  at  the 
same  position  in  all  crystals  with  the  exception  on  sample  4  where  this  peak  is  shifted  to  948 
cm  ‘.  Although  the  assignment  of  the  absorption  at  955  cm  '  remains  ambiguous  at  the 
present  time,  it  is  most  likely  due  to  C-H  deformations  from  alkenes.  Other  likely  causes  for 
this  absorption  could  be  the  symmetric  and  asymmetric  bends  from  SiH^  or  an  Si-O-R 
(aromatic)  stretching  vibration,  Shifts  in  the  Si-0  stretching  vibrations,  which  generally  occur 
in  the  range  1 1 10  to  1000  cm  ',  from  either  Si-O-R  (aliphatic)  or  Si-O-Si,  may  be  an 
alternative  explanation.  An  absorption  that  generally  appears  in  the  range  760  to  740  cm  '  in 
both  the  leading  and  trailing  edge  crystals  is  found  to  be  always  shifted  to  higher  frequencies 
in  the  sense  crystals  compared  to  the  conesponding  referpnee  crystals.  The  most  likely 
assignment  of  this  ab.sorption  is  the  Al-O  stretch  from  the  aluminum  oxide  layer  present  in 
all  the  crystals.  C-H  deformations  due  to  alkanes  could  also  be  contributed  to  absorption  at 
this  frequency.  Changes  in  local  environment,  especially  on  the  sense  crystals,  could  account 
for  the  shifts  in  the  position  of  this  peak  (Ref.  21). 

Reflectance:  Uncorrected  diffuse  reflectance  was  measured  as  a  function  of 
wavelength  for  each  pair  of  .sen.se-reference  crystals  on  the  leading  and  trailing  edges.  For  all 
the  crystals,  it  can  be  seen  that  with  increasing  wavelength,  there  is  an  increase  in  the 
coiTesponding  average  reflectance.  In  addition,  it  is  seen  that  all  the  crystals  also  displayed 
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thickness  interference  patterns  in  their  reflectances.  While  the  modulation  amplitudes  in 
crystals  1  and  2  (LDEF  leading  edge,  active  crystals)  are  nearly  identical,  differences  in 
modulation  between  QCs  5  and  6  (LDEF  bailing  edge,  active  crystals),  and  QCs  7  and  8 
(LDEF  trailing  edge,  passive  crystals)  fall  within  a  wide  range  of  2  to  20  percent  in  the 
wavelength  range  2000  to  5000  A.  The  most  striking  differences  are  observed  with  the  QC 
pair  3  and  4  (LDEF  leading  edge,  passive  crystals),  where  it  is  seen  that  the  modulation 
amplitude  in  crystal  3  is  significantly  lower  (by  10  to  50  percent)  over  die  entire  wavelength 
range  (2000  to  10,000  A)  than  that  of  the  reference  crystal  4  (Ref.  21), 


On  observing  tlie  position  of  the  wavelength  maxima  and  minima  in  the  interference 
patterns  in  each  of  the  sense-reference  crystal  pairs,  they  appear  to  be  shifted  negligibly  with 
respect  to  each  other  as  well  as  with  respect  to  the  other  crystal  pairs,  and  are  not  large 
enough  to  result  in  significantly  different  values  for  the  product  (n  x  d),  where  n  is  the 
refractive  index  of  the  film  and  d  is  the  film  thickness  (Ref.  21). 

In  addition,  the  range  of  wavelengths  at  which  these  interferences  are  observed  (2000 
to  12,000  A)  is  so  large  that  a  150  A  top  layer  either  of  In203  or  ZnS  cannot  be  responsible 
for  the  interferences.  Thus,  it  is  postulated  that  these  interferences  are  more  likely  due  to  the 
underlying  Al/Al^O,  layer.  A  likely  explanation  for  the  ob.served  behavior  is  that  surface 
roughness  can  cause  an  increased  .scattering,  which  in  turn,  can  dampen  the  modulated 
amplitude  of  the  reflected  wave.  In  particular,  analysis  of  the  tilted  samples  reveal.s  that  QC 
3  shows  an  overall  thinning  of  the  top  ZnS  layer  and  particularly  shows  a  reduction  in  die 
concentration  of  zinc  present  on  the  surface.  This  could  result  in  scattering  by  sulphur 
particles  or  other  contaminants  on  the  surface  and  an  overall  damping  of  the  modulated 
amplitude  (Ref.  21). 

4.11,1.5  Darkening 

At  the  pre.sent  time,  no  data  have  been  found  for  this  section. 
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4.11.1.6  Stress 


At  the  present  time,  no  data  have  been  found  for  this  section. 


4.11.1.7  Contamination/Dcterioration 

In  a  portion  of  Experiment  M0003-14,  150  A  of  ZnS  and  InjO^  were  deposited  on 
separate  QCM  prior  to  the  flight,  and  by  measuring  the  difference  in  QCM  frequencies 
between  the  pre-  and  post-flight,  it  was  determined  that  approximately  8  nm  of  contamination 
were  deposited  during  the  flight.  Si  (probably  from  silicone)  is  the  key  contaminant 
identified  on  the  suiface  of  all  the  crystals.  The  level  of  Si  contamination  is  found  to  be 
higher  on  the  leading  edge  than  on  the  trailing  edge.  Other,  lesser  contaminants  found  on 
several  of  the  crystals  include  Mg,  Ca,  K,  Na,  Ag,  Cl,  Sn,  and  Pb.  Contamination  source(s) 
are  still  to  be  resolved  (Ref.  21). 

Table  4.11.1.7a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 


SEM  pliotographs  of  all  the  csystals  were  obtained  at  various  magnifications,  EDAX 
revealed  (Ref.  21)  that; 


Higher  Si  contamination  on  the  .sense  crystal  on  the  leading  edge  tiian  on  the 
sense  crystal  on  the  trailing  edge,  but  a  higher  Si  contamination  on  the 
reference  crystal  on  the  trailing  edge  than  on  the  leading  edge 

Comparing  sense  crystal  3  with  reference  crystal  4  on  the  leading  edge  and 
with  crystals  7  and  8  on  the  trailing  edge,  it  is  observed  that  although  the 
increase  in  the  Zn  and  S  concentrations  on  tilting  are  comparable,  the  ZnS 
coating  appears  to  have  thinned  in  .sense  crystal  3,  as  indicated  by  considerably 
lower  percentages  of  both  Zn  and  S  in  QC  3  relative  to  QCs  4,  7,  and  8. 

While  these  measurements  were  not  perfonned  before  flight,  all  samples  were 
deposited  such  that  the  coatings  should  have  been  identical. 
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Table  4.11.1.7a.  Contaminatiun/Deterioration  EfTects  Data  Base 
For  Quartz  Crystal  Microbalances 


MATERIALS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

IruOj/Al/ALOj  on 

None 

D3 

Si  (probably  from  silicone)  is  the  key 

Quartz 

D9 

contaminant  identified  on  the  surface  of  all  the 
crystals.  Level  of  Si  contamination  is  found 
to  be  higher  on  the  leading  edge  than  on  the 
trailing  edge.  Other,  lesser  contaminants 
found  on  several  of  the  crystals  include  Mg, 

Ca.  K.  Na,  Ag,  Cl.  Sn,  and  Pb. 

Contamination  source(s)  still  to  be  resolved. 

ZnS/Al/AljOj  on 

None 

D3 

Si  (probably  from  silicone)  is  the  key 

Quartz 

DO 

contaminant  identified  on  tlie  surface  of  all  the 
crystals.  Level  of  Si  contamination  is  found 
to  lx;  higher  on  the  leading  edge  than  on  the 
trailing  edge.  Other,  lesser  contaminants 
found  on  several  of  the  crystals  include  Mg, 

Ca.  K.  Na.  Ag,  Cl.  Sn.  and  Pb. 

Contamination  .source(s)  still  to  be  resolved. 

In,02AL0j  on  Quartz 

None 

E3 

Frequency  increase  by  33  Hz  due  to  «=  1  nm 
contamination  layer.  Contaminant  not 
identified  specifically. 

ZnS/Ai20i  on  Quartz 

None 

E3 

Frequency  increase  by  225  Hz  due  to  =•  8  nm 
coiitaminiition  layer.  Contaminant  not 
identified  .sirccifically. 

Using  XPS,  a  comparison  of  leading  edge  crystals  (1,2,3,  and  4)  versus  trailing  edge 
cry.stals  (5,6,7,  and  8)  indicates  that  there  is  a  higher  percentage  Si  coverage  on  the  leading 
edge.  In  addition,  a  comparison  of  the  sense  crystals  versus  the  reference  crystals  indicates  a 
higher  percentage  Si  coverage  on  the  sense  crystals  (Ref.  21). 

The  SIMS  technique  was  used  to  gather  more  infonnation  on  the  Si  contamination 
area  coverage,  and  depth  profiles,  A  thin  film  of  carbon  was  fir.st  deposited  on  the  surface  of 
all  tlie  samples  to  minimize  charging,  and  the  analyses  were  perfonned  by  sputter  etching 
through  the  carbon  film.  This  technique  worked  well  on  the  ln,0, -coated  crystals.  It  did  not 
work  as  well  on  the  ZnS-coated  cry.stals.  Depth  profiles  and  elemental  analyses  were  made 

- ( 
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with  an  Applied  Research  Laboratories  (ARL)  ion  microprobe  mass  analyzer  (IMMA)  using  a 
1  nA  primary  beam  of  oxygen  ions  accelerated  to  4.5  kV  and  focused  to  approximately  15 
pm  in  diameter.  The  depth  profiles  were  made  following  elements  of  each  of  the 
contaminants  (Si,  K,  Mg),  and  the  coating  (In,  Zn),  and  the  substrate  (Al)  (Ref.  21). 

A  survey  of  the  results  shows  that  the  Si+  intensity  is  approximately  1  to  2  orders  of 
magnitude  higher  on  the  sen.se  crystals  compared  to  the  reference  crystals,  and  appears  to  be 
approximately  an  order  of  magnitude  higher  on  the  leading  edge  sense  crystals  compared  to 
the  trailing  edge  .sense  crystals.  Depth  profiles  showing  the  distribution  of  Si  relative  to  In 
and  Zn  for  the  In^O, -coated  crystals  show  that  on  the  sen.se  ciystal  1,  a  layer  of  Si  occurs 
above  the  IiiiO,  layer.  On  the  reference  crystal  2,  there  is  no  distinct  indication  of  Si 
coverage  of  the  In^O,  layer.  Tlie  presence  of  a  significantly  smaller  Si  layer  above  the  InjOj 
layer  is  detected  on  the  sense  crystal  5,  while  on  the  rcterence  crystal  6,  Si  is  not  present  on 
the  surface.  Similar  results  are  obtained  from  the  ZnS-coated  crystals  although  interpretation 
is  hindered  by  charging  of  the  sample  upon  reaching  the  ZnS  layer  (Ref  21). 

With  regard  to  the  S1002  samples  (flown  in  E3),  QCM  measurements  and  physical 
surface  analy.ses  done  by  the  experimenter  indicated  between  1  and  8  nm  contamination  layers 
on  all  .space-exposed  surfaces.  The  QCM  frequencies  increa.sed  during  the  mission.  The 
freqtiency  of  the  QCM  (Zn.S)  increased  relatively  strongly  by  225  Hz  and  of  the  QCM  (In^O,) 
by  33  Hz  only  (Ref  19). 


4.12  RELATED  MATERIALS  EXPERIMENTS 


A  variety  of  other  materials  was  flown  on  LDEF  from  which  data  can  be  obtained  that 
are  relatable  to  space  optical  systems.  The  LDEF  data  available  from  selected  adjtmct 
experiments  are  discussed  below.  Table  4. 12. a  shows  a  summary  of  experiments  related  to 
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space  optics.  Table  4, 12.b  shows  the  related  optical  materials  and  the  effects  addressed  by 
the  LDEF  experimenters. 


0 


Table  4.12.a  Experiment  Summary  for  Related  Space  Optics  Materials 


KXPERIMKNT 

RELATED  SPACE  OmCS  MATERIALS 

AO034 

Ttiermal  control  coatings  on  borosilicate  or  fused  silica  windows: 
Z-9.3  paint.  A-276  paint.  S-DG  paint.  S-I3G/1.0  paint.  Z-3()6 
Clictnglaze.  and  YB-71  ZOT  paint 

M(KX)3-4 

7940  covcrgla.ss/Mark  HIE.  7940  covcrglass  (bare).  7940 
coverglas.s/Mark  HID.  7940  covcrglass  with  350  nin  coiiting. 

Ceria  with  350  nni  coating 

M(KK).V8 

P1700  Polysuifonc/T.300  Graithite.  PMR-15  Polyiinide/COOO 
Graphite.  934  Ep<)xy/T300  Graphite 

4.12.1  Related  Space  Optical  Materials 

4.12.1.1  Impacts 

Table  4,12.1.1a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section.  Experiment  M()()().1-4  was  a  solar  optics  experiments  which  flew  uncoated  and  coated 
fu.sed  silica  cover  glass.  Fu.scd  silica  is  used  for  refractive  optics  and  substrates  for  optical 
systems.  Long,  fine  fractures  emanated  from  impact  craters.  Coatings  are  microfractured  and 
flaking  at  tlie  edges.  Blisters  appear  along  fractures.  Dendritic  growths  are  apparent  (Ref. 

12).  The  solar  cell  covers  showed  similar  impact  damage  as  the  refractive  optics  components. 
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Table  4.12.b.  Related  Space  Optics  Materials 


EFFECTS 


matf:rials 


Thcnnal  Control  Paints 
(Z-93  paint.  A-276  paint.  S-13G  paint. 
S-13G/LO  paint.  Z-306  Chcmgla/.c.  and 
YB-71  ZOT  paint) 


7940  Covcrglas'!  (bare) 


7940  Covcrglas.s/Mark  HID 


7940  Covcrgla.ss/Mark  IIIL 


7940  Covcrglass  witli  330  nni  Co.ating 


Ccria  with  3.30  nm  Coating 


P17CX)  Polysull()nc/'r300  Graphite 


PMR-13  Polyiniide/CY)00  Graphite 


934  EpoxyyT300  Grapliile 


•  Dtiia  contninc^d  in  this  .section 

•  Data  contained  in  <ithcr.  cms.s-a’fcrcnccd  .scciion' 
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Table  4.12.1. l.a  Impact  Effects  On  Related  Optics  Materials 


MATERIALS/ 

COATING 

FIGURES 

LDCF 

LOCATION 

COMMENTS 

7940  coverglass/ 

E.lOl 

D9 

Long  fine  fractures.  Coating  blistered 

MARK  HIE 

E.102 

D9 

and  flaked 

E.103 

D9 

Parallel  fractures  in  cover  glass 

7940  coverglass 

Bare 

E.104 

D9 

E.105 

D9 

7940  coverglass/ 

MARK  HID 

E.106 

D9 

Dendritic  growths  along  fractures 

4.12.1.2  Atomic  Oxygen 

Data  from  two  experiments,  AO034  and  M0O03-8,  were  found  for  this  section.  Table 
4,12.1.2a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this  section. 


Table  4.12.1.2.a  Atomic  Oxygen  Effects  On  Related  Optics  Materials 


MATERIALS 

— 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Thcrnuil  Conuol 
Paints  on  Window 
Substrates 

C9 

C3 

Material  erosion  as  evidenced  by  induced 
changes  in  nuorescence 

E,107 

D9 

Material  ciosion 

PMR-15 

Polyiinidc/C600 

Graphite 

E,108 

D9 

Material  Erosion 

934  E|)oxy/T300 
Graphite 

E.109 

D9 

Material  Erosion 

4.12,  Related  Material  Experiments 


Thermal  control  paints  flown  on  experiment  AO034  showed  evidence  of  AO  effects. 
Fluorescent  emissions  from  the  thermal  control  coatings  under  black-light  illumination 
revealed  patterns  of  material-dependent  visible  changes  as  a  result  of  AO  exposure  (and  solar 
UV).  For  the  six  types  of  thermal  control  coatings,  the  induced  changes  in  fluorescence  are 
similar  in  pattern  for  the  three  zinc  oxide-based  coatings  (Z93,  S13G,  and  S13G-LO)  as  well 
as  for  the  two  polyurethane-ba.sed  coatings  (A276  and  Z306).  Tlie  zinc  orthotitanate  (YB-71) 
coatings  provided  no  detectable  evidence  of  intrinsic  or  induced  fluorescence.  The  intrinsic 
yellow  glow  of  the  three  zinc  oxide-based  coatings  under  black-light  illumination  is 
suppressed  as  a  result  of  exposure  on  the  leading  edge.  Fluorescent  emission  of  S13G  and 
S13G-LO  directly  exposed  on  the  trailing  edge  is  shifted  in  color  to  longer  wavelengths 
(orange),  while  the  fluore.scence  of  Z93  specimens  directly  exposed  on  the  trailing  edge  is 
apparently  suppres.sed  to  the  same  degree  as  Z93  specimens  on  the  leading  edge  (Ref.  11). 

Specimens  of  the  two  polyurethane-ba.sed  coatings  were  included  only  in  the  leading 
edge  unit.  Di.stinct  fluore.scent  emission  under  black-light  illumination  is  seen  for  specimens 
of  these  coatings  expo.sed  under  the  UV-windows,  excluding  AO.  This  induced  fluorescence 
is  generally  lost  as  a  result  of  exposure  to  AO  for  .specimens  of  the.se  coatings  on  the  leading 
edge,  although  the  Z306  specimen  directly  exposed  on  the  leading  edge  is  faintly  fluorescent 
when  viewed  under  black-light  at  an  angle  approximately  10°  off-nomial  (Ref.  1 1). 

7'hese  material-dependent  fluore.scence  changes  induced  in  the  coatings  as  a  result  of 
the  space  exposure  were  found  to  be  governed  primarily  by  AO  (and  solar  UV)  exposure. 
Detailed  spectral  measurements  of  fluore.scent  emission  arc  being  obtained  by  the 
experimenter  to  coirelate  with  the  flight  specimen  black-light  observations.  Laboratory  AO 
(and  UV)  exposure  testing  of  the  specimens  is  .still  in  progress  by  the  experimenters  to 
investigate  the  nature  of  these  induced  effects  further  (Ref.  1 1 ). 

Experiment  MOO()3-8  flew  specimens  of  organic  matrix/graphite  fiber  reinforced 
composites  at  both  the  leading  and  trailing  edges  of  LDEF.  Graphite/lipoxy  materials  are 
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under  consideration  for  use  as  sunshades  for  optical  systems.  The  LDEF  experiments  provide 
insight  to  the  performance  of  these  materials  in  an  AO  environment.  The  leading  edge  of  the 
exposed  composites  suffered  AO  erosion.  Leading  edges  using  these  materials  will  require 
AO  protection.  Photomicrographic  results  showed  that  the  leading  edge  of  organic 
composites  could  experience  recession  with  3  to  7  mils  of  material  loss  (Ref.  22). 


4.12.1.3  Scatter 

To  date,  no  data  have  been  found  for  this  section. 


4.12.1.4  Absorption/Transmission/Reflectance 

To  date,  no  ab.sorption/transm..ssion/reflectance  data  have  been  found  for  this  section. 

4.12.1.5  Darkening 

While  no  cryogenic  optics  were  flown  on  LDEF,  cryogenic  optics  are  important  for  IR 
applications.  A  recently  completed  .series  of  experiments  under  BMDO  PMA  1.501  has  shown 
that  cryo-optics  which  contain  impurities  will  darken  when  .subjected  to  low  levels  of 
radiation.  This  did  not  happen  when  care  was  taken  in  controlling  impurity  concenirations  in 
the  optics. 


4-106 


4.12,  Related  Material  Experiments 


4.12.1.6  Stress 

Post-flight  tensile  moduli  values  compare  favorably  with  preflight  values  for  the  epoxy 
and  polysulfone  system.  Compression  moduli  data  for  the  epoxy  and  polysulfone  systems  are 
questionable  due  'o  the  severe  end  blooming  (Ref.  22). 

Table  4.12.1.6a  summarizes  and  provides  a  guide  to  the  tnaterials  contained  in  tliis 

section. 


Table  4.12.1.6a.  Stress  Kffecis  On  Related  Optics  Materials 


MATKRIALS 

FIGURKS 

I.DKF 

I.OCAIION 

COMMKNTS 

P1700  Poly.sulfoiieA'3(X) 
Graphite 

Ii.ll3 

m 

Favonihle  pie-  and  ix).st-iest  tensile 
moduli  coinpiuahle 

RMR-l.*)  Polyiiiiidc/aiOO 
Graphite 

li.ll3 

D9 

Favorable  pie-  and  |K)st-test  tensile 
nuxluli  comparable 

934  Epoxy/l'3(X)  Grapliilc 

E.113 

D9 

Favorable  pro-  and  jxist-test  tensile 
nuxluli  comparable 

The  compression  and  tensile  te.st  results  arc  ba.scd  on  a  limited  sample.  Pro-  and  post¬ 
flight  strength  values  arc  very  similar  but  well  Ixiow  anticipated  values  (Ref.  22). 


4.12.1.7  Contamiiiution/Dcterioratiuii 

Experiment  AO034  was  an  AO  outgassing  experiment  on  which  UV  windows  and 
mirrors  were  included  adjacent  to  thermal  coatings.  'I'his  experiment  sliowed  that  severe 
tran.smission/  reflectance  losses  could  result  for  .space  optical  materials  if  they  are  located  too 
close  to  thermal  control  paints  (Ref.  11).  Experiment  M()0()3-4  was  an  experiment 
examining  space  effects  on  solar  power  components.  This  experiment  showed  that  coatings 
on  glass  can  crack  and  flake  when  exposed  to  the  space  environment  (Ref.  12). 
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Table  4.12.1.7a  summarizes  and  provides  a  guide  to  the  materials  contained  in  this 
section. 


Table  4.12.1.7a  Contamination/De^erioration  Effects  On  Related  Optics  Materials 


MATERIALS/ 

COATINGS 

FIGURES 

LDEF 

LOCATION 

COMMENTS 

Thermal  Control 

E  114 

C9 

Contamination  from  thermal  paints  severely 

Paints  on  Window 

C3 

degraded  optical  performance. 

Substrates 

7940  Covcrglass/ 

E.115 

C9 

Perimeter  hazed.  Coating  cracked  and  flaked. 

350  nm  coating 

Ceria/ 

350  nm  coating 

E.116 

C9 

Perimeter  hazed.  Coating  cracked  and  flaked. 

The  AO034  thermal  control  coatings  consisted  of  YB-71,  Z-93,  S13G,  S13G-LO,  • 

A276,  and  Z-306  paints.  Molecular  contamination  on  the  inner  surface  of  the  UV-grade  ® 

quartz  windows  flown  along  with  the  coating  samples  provided  one  comparable  measure  of 
the  optical  degradation  attributable  to  the  various  types  of  coatings.  These  contaminated  films  ^ 

were  yellow  and  red  in  color  and  bonded  relatively  strongly  to  tlie  inner  glass  surfaces  (Ref.  a 

11).  • 

The  visible  darkening  of  the  AO034  flight  windows  and  the  measured  degradation  in  * 

UV  transmittance  were  significantly  greater  for  the  leading  edge  samples  than  for  the  trailing  ^ 

edge  samples.  Since  the  inner  surfaces  of  the  sealed  (teflon  gasket)  windows  were  not 
exposed  to  AO,  one  cause  for  the  enhanced  deposition  on  the  leading  edge  windows  identified  ^ 

by  the  experimenters  may  be  thermal  in  origin,  arising  from  different  susceptibilities  to  ^ 

deposition  as  a  result  of  more  rapid  cooling  during  sun/shadow  transitions  for  the  LDEF  row  9 

receiving  more  direct  sun  illumination  in  the  early  mission  phase  when  outgassing  should  w 

have  been  more  prevalent.  The  transmission  losses  of  these  windows  indicate  the  relative  ^ 

severity  of  contamination  effects  resulting  from  outgassing  and  solar  UV-induced 

photochemical  reaction  for  the  various  types  of  underlying  thermal  control  coatings  (Ref.  11).  ^ 
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The  AO034  experimenters  also  noted  some  obvious  discrepancies  in  the  response  to 
space  exposure  for  a  few  of  the  coating  specimens  compared  to  the  average  response 
observed  for  specimens  of  a  type.  The  experimenters  believe  that  this  indicates  the  existence 
of  batch  variations  which  must  be  considered  in  generalized  predictions  of  response  to  space 
exposure  (Ref.  1 1). 


CHAPTER  5 

OPTICAL  DESIGN  CONSIDERATIONS: 
IMPACT  OF  LDEF  RESULTS  AND  ANALYSES 


5.1  INTRODUCTION 


This  chapter  presents  the  conclusions  and  inferences  drawn  from  the  LDEF  data 
presented  in  Chapter  4.  Because  there  was  a  variety  of  experiments,  materials,  LDEF 
locations,  and  environments  experienced,  the  data  set  is  multi-faceted.  To  capture  this  multi¬ 
faceted  nature,  the  following  material  endeavors  to  categorize  the  LDEF  results  into  groups 
useful  to  optical  designers.  As  will  be  seen,  these  groups  align  with  optical  system  design 
parameters. 

The  LDEF  experimenters  attempted  to  address  the  following  optical  system-related 
concerns: 


•  Degradation  of  transparent  elements  (darkening,  impacts,  contamination)  which: 

Reduces  the  throughput  of  available  light  for  photometric,  radiometric, 
and  imaging  systems 
Degrades  image  resolution 

Increases  scattering  which,  in  turn,  increases  background  noise. 

•  Degradation  of  optical  coatings  (erosion,  di.scoloration,  delamination,  pitting, 
contamination)  which  produces: 

Holes  in  coating  that  may  alter  material  wavelength-dependent 
transmission  and  reflection  properties 

Surface  contamination  on  coatings  that  may  decrease  throughput  of  light 
Increased  .scattering  which,  in  turn,  increases  background  noise. 


Degraded  or  damaged  coatings  which  encourage  other  types  of  damage  that 
lead  to: 
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Redeposition  of  contaminants,  including  damaged  coating  materials,  on 
other  system  optics  (leading  to  loss  of  resolution,  reduced  throughput, 
wavelength  dependence) 

Permanent  changes  in  multilayer -coating  thicknesses  due  to  thermal 
cycling  at  high  temperatures 

•  Degradation  of  diffuse  paints  or  diffuse  metal  coatings  in  optical  systems 
(erosion,  discoloration)  which  may  cause: 

Baffling  efficiency  to  decrease  due  to  increase  in  specular  reflection  or 
the  baffling  efficiency  to  increase  due  to  an  increase  roughness  of  baffle 
surface  topography 
Redeposition  on  other  materials 

Contamination  of  system  optics  (li  tding  to  loss  of  resolution,  reduced 
throughput,  and/or  altered  wavelength  dependence) 

•  Degradation  of  fiber  optics  (radiation  darkening,  impacts,  contamination)  tliat 
result  in; 

Reduced  transmission 

Complete  loss  of  signal 

Increased  system  bit  error  rate  (digital) 

Decreased  signal-to-noise  ratio  (analog) 

In  the  chapters  that  follow,  the  experimental  results  presented  in  Chapter  4  will  be 
categorized  in  terms  of  the  impact  they  have  on  the  perfonnance  of  optical  systems.  The 
emphasis  is  on  sorting  through  the  extensive,  expanding  LDEF  database  to  find  "what 
worked It  is  expected  that  more  items  will  be  added  to  the  "working"  category  as  data 
continue  to  become  available. 


5.2  CRITICAL  INTERACTIONS  FOR  OPTICAL  SYSTEMS 


Figure  5. 1  shows,  for  a  generic  optical  system,  the  design  flow  from  the  natural 
environments  which  can  impact  a  system  through  the  component  response  to  the  sensor 
response.  As  can  be  seen  from  the  figure,  in  the  design  of  an  optical  system  for  space,  the 
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Figure  5.1.  Critical  Interactions  for  Asse.ssment  of  Environmental  Effects  on  Sensors 
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majority  of  the  optical  components  will  not  experience  the  full  range  of  hazards  observed  on 
LDEF.  The  following  observations  can  be  made: 

•  All  of  the  components  will  experience  the  ionizing  radiation  environment. 

•  Depending  upon  the  design,  all  the  components  can  experience  the  thermal 
environment  and  be  subjected  to  contamination. 

•  External  components  such  as  primary  mirrors,  windows,  baffles,  and  the  sun 
shade  can  experience  the  effects  of  solar  radiation,  AO,  and  micronieteoroids 
and  debris. 

Based  on  the  operational  environments  to  which  the  components  might  be  subjected 
and  based  on  the  specific  system  design  features,  three  groupings  can  be  defined  to  classify 
the  exposure  for  optical  components  in  a  space  system:  (1)  benign  exposure,  (2)  minimal 
exposure,  and  (3)  maximum  exposure.  Each  is  discus.sed  briefly  in  the  context  of  space 
environment  exposures  in  the  following  sections. 

The  benign  environment.  Unle.ss  the  optical  .system  is  designed  specifically  to 
observe  the  sun,  most  optical  elements  will  not  be  expo.sed  to  prolonged  solar  radiation.  F'or 
long-range  surveillance  missions,  internal  temperatures  will  be  controlled  to  at  most  a  few 
degrees.  Fluxes  of  AO  and  micrometeorokls  will  be  negligible.  The  benign  environment 
category  best  applies  to  components  "buried"  in  a  telescope  assembly,  for  example,  and  al.so 
applies  to  experiments  flown  in  the  inside  of  the  LDEF  .spacecraft  cylinder.  (Specific 
contamination  effects  are  not  considered  representative,  but  must  be  considered  in  any  optical 
design.) 

The  minimal-exposure  environment.  This  categoiy  describes  an  optical  component 
exposed  to  a  minimum  micrometeoroid  and  debris  environment  and  also  to  the  solar  tlux,  but 
with  a  low  level  of  AO  exposure.  This  category  best  applies  to  "external"  tele.scope  compo¬ 
nents  which  arc  not  looking  in  or  near  the  ram  direction;  this  category  also  applies  to 
experiments  on  the  trailing  edge  position  on  LDEF. 
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The  niaxiinal-exposure  environment.  This  category  describes  an  optical  component 
exposed  to  microineteoroids  and  debris  and  solar  flux,  with  a  high  level  of  AO  exposure. 

This  category  applies  to  "external"  telescope  components  looking  in  or  near  the  ram  direction 
and  to  experiments  on  the  leading  edge  position  on  LDEF, 

In  progressing  from  benign  exposure  to  maximum  exposure,  each  environment 
exposure  can  be  characterized  as  more  severe  than  the  one  preceding  it.  For  this  report,  it 
was  assumed  that  any  optical  component  that  "works"  in  the  more-severe  environment  is 
deemed  to  also  work  in  all  less-severe  environments.  Tliis  is  not  axiomatic  and  any 
deviations  found  through  future  work  will  be  reported  as  the  handbook  is  updated. 

In  order  to  form  a  coherent  asse.ssment  of  the  magnitude  of  effects  for  each  of  tlie.se 
three  categories,  it  is  necessary  to  describe  the  effects  associated  with  specific  LDEF 
experimental  configurations  (experimental  location  and  environments  exposures).  As  shown 
in  Figure  5.2,  the  LDEF  experiments  were  located  on  the  surface  of  a  cylindrical  shape.  The 
spacecraft  was  oriented  so  that  its  axis  of  symmetry  was  pointed  at  the  earth,  and  so  that  its 
direction  of  travel  v./as  about  normal  (8.1°  off)  to  Row  9.  LDEF  Solar  radiation,  AO,  and 
micrometeoroid  and  debris  values,  as  a  function  of  position,  are  given  in  Appendix  A. 

The  solar-radiation-driven  tliennal  cycle  (once  per  orbit)  consi.sted  of  15  orbits  per  day 
for  a  total  of  about  .'^4,000  orbits  in  the  longest  (70-month)  LDEF  exposure  time.  The 
nominal  temperature  cycle  was  from  -23°C  to  +66°C.  a  160°F  swing.  This  average  was 
suggested  to  have  local  variations,  depending  on  the  geometry  and  the  local  absorptance  of 
the  solar  radiation.  Interior  locations  had  the  potential  for  lower  swings  in  temperature,  since 
the  time  period  for  the  thermal  variation  was  about  1.6  hours.  Space  radiation  (e.g.,  charged 
particles  and  gamma  rays)  characteristic  of  the  LEO  space  environment  were  also  present. 
Contamination  of  optics  was  observed  to  be  very  dependent  on  the  particular  experiment 
setting. 
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LDEF  ENVIRONMENT 
16,0(X)  hours  UV 
34,000  Tliermal  Cycles 
0  to  10^^  Oxygen  Atoms/cin^ 

2.5  X  10"'  rads  electrons  and  protons  radiation 


Figure  5.2.  LDEF  Orbital  Flight  Orientation 
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Dermitiun  of  "working"  optics  materials.  Demonstration  of  "working”  in  the 
context  of  this  document  means  that  no  serious  degradation  was  observed  as  a  result  of 
exposure  to  the  space  environments  in  the  optical  component  response  parameters  of  Figure 
5.1.  For  example,  for  optical  substrates  and  metal  reflectors  (with  and  without  protective 
overcoatings),  demonstration  of  working  acceptably  requires  showing  minimal  physical 
damage,  showing  no  overcoating  or  other  visual  degradation  (such  as  darkening  of  substrates 
and  coatings),  and,  for  the  metal  reflectors,  showing  no  debonding  between  the  metal,  its 
substrate,  and  the  overcoat. 

For  reflective  and  refractive  optics,  a  required  test  of  a  component  working  acceptably 
is  demonstrating  that  the  po.st-flight  reflectivity  versus  wavelength  (transmissivity  for 
substrates)  is  comparable  to  that  seen  pre-flight.  (Regrettably,  this  test  is  one  tliat  is  not 
presently  available  for  many  of  the  LDFF  optical  samples  because  they  have  been 
contaminated,  have  not  yet  been  cleaned,  and,  therefore,  are  not  categorized  as  "working.") 

In  developing  the  list  of  preferred  "working"  optical  components,  the  biggest  driver  is  the 
contamination  of  the  samples.  Becau.se  contamination  skews  and  clouds  the  examination  of 
the  real  behavior  of  the  optical  materials  after  space  environment  exposure,  this  limited 
consideration  of  optical  components  to  only  those  elements  which  were  cleaned. 
Measurements  made  on  contaminated  components,  in  most  cases,  showed  a  significant 
decrease  in  the  measured  parameter  (e.g.,  cither  reflectivity  or  transmissivity  for  reflective  or 
refractive  optics,  respectively)  and  it  cannot  be  known  whether  the  observed  degradation  is 
the  result  of  the  surface  contairiination  or  the  result  of  poor  opticttl  material  petformance. 

When  conuunination  was  not  a  factor  (as  when  examining  the  samples  for  stress, 
darkening,  or  impacts  degradation),  a  working  optical  component  was  identifled  when  post- 
retrieval  tneasurements  were  comparable  to  the  pre-flight  measurements  and  when  the  slight 
changes  in  the  post-flight  measurements  did  not  degrade  the  optical  eletiient  perfortnance. 
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Working  components  are  identified  in  the  following  sections.  There  are  a  number  of 
components  which  are  not  included  but  which  may  be  acceptable  under  other  conditions  than 
those  experienced  in  the  LDEF  orbit.  'Iliese  materials  are  discussed  in  Section  5.4,  General 
Optical  Design  Considerations. 


5.3  PREFERRED  OPTICAL  COMPONENTS 
5.3.1  Benign  Environment 

Tile  buried  components,  particularly  optical  filters  and  mirrors,  arc  exposed  to  the 
benign  environment.  Based  on  the  data  from  the  LDEF  experimenters,  the  components  listed 
in  Table  5.1  showed  little  degradation  in  the  minimum  exposure  environment,  therefore,  they 
arc  acceptable  for  the  benign  environment.  Although  .some  of  the  components  listed  were  not 
shielded  from  the  environments,  they  are  included  for  the  simple  reason  that  the  LDEF  data 
demonstrate  that  these  components  can  withstand  an  even  more  .severe  siiace  environment, 
thus  qualifying  them  as  working  components  in  the  benign  environment. 


5.3.2  Miniiiiuin-Expo.sure  Environment 

Space  optical  components  which  may  lie  expo.scd  to  the  minimum-exposure 
environment  include  optical  windows/substralcs,  baftles,  and  the  sunshade.  In  .some  instances, 
optical  filters  and/or  mirrors  may  fall  into  this  category.  To  avoid  repetition,  when  filters  or 
mirrors  are  expected  to  be  exposed  to  a  minimal  level  of  the  space  environment,  reference  to 
Table  5.1  will  provide  the  pertinent  information  concerning  the  appropriate  working 
components.  The  optical  materials,  listed  in  Table  5.1,  showed  little  degradation  in  the 
mi n i mum-ex posure  env i ronmen t . 


.5-8 
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Fable  5.1.  Optical  Elements  Acceptable  to  Minimum-Exposure  Space  Environment 


ELKMKNT 


COMI»ONENT 


EXPERIMENT 


Fused  Silica/Ag 
ULET^</Ag 
AI/LiF/Kanigcii 
ZnZeyZiiS/rid'4  on  ZnSc 
Ag/AljOyKanigencd  AI 
Gc;/.ii.S/rhFVGIa.ss 
TliFj/Ag  on  B1664  Glass 
Ag/'ndVKaiiigcn 
(.Si/AI.O.)'Mg/.Si 
AljOyCaF, 


Visible  1(X)()  iini  Mirroi/riO^-.SiOj  on 
H1W>4  Gla.ss 

10.6  |iin  MiiTor/Ge-ZiiS-lliFj  on  l.lKi(>4 
Glass 

Au/Glass 

Fl/Glass 


i’lVre/Zn.S/ZnSe  on  Ge 
PhTe/Zii.S  on  Go 

/.nS/C’liioliie  on  HK7GI8  ami  l<(i78() 
Glasses 

tie/SiO  on  Al,(7, 


I’bl  'j  on  /.nSe 


SiO  on  Si 


ZiiS/('iyolile/Ag  on  bu.sod  Siliea 


TiO/ZilVSiOj/H  I7>(v)  Gla.ss 


TliiyC'ryolilc/b'u.sctl  Siliea 


ZnS/riil-j  on  Fuswl  Siliea 


I’b.S/Cryolile/Ag  on  Fused  Siliea 


Tlii  V(’ryoliic/AI//.i(T  on  I-'u.scd  Siliea 


-  S0().‘i0-2 


M(XK);G2 


M(XKG-7 


AOi:<X  3 


A(X).S6 
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Table  5.1.  Optical  Elements  Acceptable  to 
Minimum-Exposure  Space  Environment  (Cont.) 


COMPONENT 

EXPERIMENT 

Wiiulows/ 

Subsiniics 

Fused  Silica 

S0050-2 

Fused  Silica/Solar  Rejection 

Fused  Silicu/Ag 

ULE'  M  Glass 

ULE’M  Glass/Ag 

SiOj 

M(X)03-2 

Fused  Silica 

AO  172 

ULETM 

BK-7 

Soda-Limc-Silica 

Pyrex 

Vycor 

Zcrodui 

Gc 

Si 

CdTc 

A!/), 

AlXoo 

Y-Cut  Qiiarl/. 

Z-C’ul  Qu;ul/ 

Gc/ZnS/ThFv'Gc 

AO  1,18-4 

ZnS/Gc 

5..1.3  Maximum  Exposure  Environment 

Space  optical  coniponciits  which  may  encounter  the  maximum-exposure  environment 
include  the  same  or  simihir  materials  to  the  minimum-exposure  environment:  windows, 
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baffles  and  the  sunshade,  As  before,  in  some  instances  optical  filters  and/or  tnitTors  may  also 
fall  into  this  categoiy.  Within  the  LDEF  data  reported  to  date,  all  of  the 
windows/baffles/sunshadc  materials  have  Ixtcn  flown  on  the  LDEI-  trailing  edge.  Based  on 
this  position,  the  materials  arc  viewed  as  working  in  the  miniimim-cxposnre  environment,  but 
not  necessarily  in  the  maximum-exposure  environment.  As  such,  no  materials  can  be  repotted 
at  this  time  as  being  acceptable,  working  optical  materials  in  the  maximum-exposure 
environment.  'I’his  conclusion  will  be  updated  as  more  LDEE'  data  arc  reported  by  the 
experimenters. 

This  leaves  the  optical  designer  in  an  uncomfortable  position  if  pliicing  optics  in  the 
maximum-exposure  environment  is  unavoidable.  Experiment  M()()()3  has  reported  that  the 
following  optical  components  survived  in  this  environment;  Au  on  Al,  A1  on  fused  .silica,  and 
bare  fused  silica.  These  components  have  not  been  measured  for  reflectivity  tind/or 
iranstnissivity.  However,  ba.sed  on  re.sults  of  the  less-.severc,  minimally-exposed  environment, 
a  best-guess  suggestion  would  lx;  to  ttse  bare  fu.scd  silica  as  a  window,  and  aluminum  on 
fu.sed  silica,  with  a  fu.sed  silica  protective  overcoat,  as  a  mirror. 


5.4  CIONKRAL  OPTICAL  DLSKJN  t'ONSIDKRATIONS 

5.4.1  Contuminution  Control 

Many  of  the  substances  on  LDEE'  degraded  in  the  environment  of  AO  and  solar 
radiation  (e.spccially  UV).  Outgassing  from  heated  substances,  followed  by  (possibly  UV- 
accclcrated)  dc[K'siii()-i  on  cooler  optical  surfaces  was  common.  Graphite  epoxies,  which  are 
being  considered  for  use  iis  sunshades,  may  outgas.  IVe.scrvation  of  the  performance  of 
optical  surfaces  calls  for  strict  control  of  potential  contamination  sources. 
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Two  potemial  design  approaches  are  temperature  control  and  material  selection. 
Temperature  control  is  the  maintaining  of  constant  lower  temperatures  where  possible. 
Although  it  is  a  good  design  approach  to  "athcrmalize"  the  optical  system,  i.e.,  to  design  the 
system  so  that  its  optical  performance  is  unchanged  if  the  entire  system  changes  in 
temperature  together,  it  is  still  a  good  policy  to  contain  potential  temperature  excursions. 

Material  selection  involves  not  only  the  optical  components  but  other  spacecraft 
materials  such  as  thermal  control  materials,  adhesives,  and  optical  mounting  materials  which 
can  be  potential  contamination  sources.  Some  of  these  substances  degraded  on  LDEF  and 
became  contamination  sources.  Other  materials  had  their  thennal-control  properties  degraded. 
These  results  are  summarized  in  Table  5.2.  Even  the  acceptable  items  may  not  withstand  the 
highest  levels  of  AO.  I‘or  example,  D- 1 1 1  black  thermal-control  (TC)  paint  was  crazed  and 
contaminated  on  the  leading  edge,  with  maximum  AO  fiux,  but  was  acceptably  unchanged  in 
the  trailing  edge  position,  with  minimum  AO  flux.  An  interesting  occurrence  is  that  black 
coatings  for  baffles  seem  to  age  in  the  space  environment  and  improve  the  performance  of  the 
baffles. 


5.4.2  Micrometcoroid  Damage 

The  effects  of  micrometcoroid  and  debris  damage  is  discussed  in  detail  in  Chapter  6. 
Here  wc  will  discuss  the  considerations  to  lx;  given  in  an  optical  design. 

Micrometcoroid  damage  cau.ses  cratering  in  optica!  suifaces;  for  brinlc,  ci7stalline 
materials  such  as  CaF,,  the  substrate  can  be  cleaved.  If  the  CaF2  is  used  as  a  window  to  hold 
off  significant  pressure,  it  is  more  likely  to  burst  from  the  pressure.  (When  CaF2  windows 
are  tested  to  failure  to  establish  burst  statistics,  it  was  shown  that  their  yield  stresses  get 
higher  when  the  window  surfaces  are  poli.shed  to  a  smoother  figure.)  With  CaFj,  burst  safety 
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factors  must  account  for  reductions  due  to  cratering.  If  cratering  leaves  high  residual  stresses, 
thermal  cycling  following  cratering  has  the  potential  to  expand  the  region  of  damage  further. 


Table  5.2.  Thermal  Control  Materials,  Adhesives,  and  Optical  Mounting  Materials 


MATERIAL  THAT  (JENKRATKD 
CONTAMINAN  LS  OR  DEBRIS 

MATERIALS  WHICH  ARE  ACCEPTABLE 
(FROM  DEBRIS/CONTAMINATION  POINT 

OF  VIEW) 

.Silver  TcHon  (Ag/FEP)  film 

ITO  coated  Kapton 

Aluminized  and  bare  Kapton 

Aluminized  Mylar 

Delrin 

Tctlon 

Black  RTV 

MATERIALS  THAT  SHOWED  LO.SS  OF 
THERMAL-CONTROL  PROPERTIES 

MATERIALS  WHICH  ARE  ACCEPTABLE 
(FROM  THERMAL-CON  TROL  PROPERTIICS 
POINT  OF  VIEW) 

While  TC  paint  with  TiOj,  Eu.O,,  AhO,.  and  ZnO 
pigments:  Chomgla/,c  A276,  .S  1.701.0 

Z-9.1.  YB-71,  PCB-Z  while  TC  paints 

Black  TC  paint  Chcnighizc  Z7CX) 

0- 1 1 1  black  TC  paint 

Black  Aiusdizcd  A1  (bleached  by  UV) 

 .   .  .   ,  ..  ... .  ....  

Chromic  Acid  Anodi/cd  Aluminum 

Cratering  can  l«  a  local  pheiionienon,  e.spccially  if  the  substrates  are  metals  or  glassy 
hard  materials  such  as  fused  silica.  When  the  cratering  penetrates  the  coating,  it  exposes  the 
underlying  layers  to  the  environment,  if  that  environment  includes  AO,  the  AO  can  attack 
underlying  layers,  expanding  out  from  the  cratering  site,  even  though  there  may  be  an  outer 
protective  coating.  Thus,  in  an  environment  of  micrometeoroid  damage  and  AO,  fused  silica 
over  aluminum  on  a  fused  silica  substrate  is  prefen'cd  to  the  same  coating  with  silver 
substituted  for  the  aluminum. 


A  major  impact  of  cratering  (and  contamination)  is  to  increase  the  scattering  at  the 
damaged  surface.  For  metal  surfaces,  this  can  appear  as  a  small  decrease  in  reflectivity.  1’he 
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roughened  surface  appears  to  "trap"  a  small  portion  of  the  light,  reflecting  it  among  "rough" 
regions  on  the  surface  until  a  portion  is  absorbed. 

In  general,  the  scattering  surface  diffracts  the  light  into  directions  (spatial  frequencies) 
which  are  not  desirable.  In  con,sidering  the  resolution  of  an  optical  system,  light  from  the 
target  is  scattered  (diffracted)  from  the  desired  low  spatial  frequencies  into  undesired  high 
spatial  frequencies,  typically  higher  than  the  (spatial)  frequency  bandpass  of  the  optical 
system.  This  transfer  of  energy  from  low  to  high  spatial  frequency  is  seen  in  a  lowering  of 
the  peak  in  the  system  Modulation  Transfer  Function  (MTF)  curve,  and  can  be  treated 
acceptably  as  an  optical  clement  with  its  own  MTF  which  limits  the  total  system  bandpass. 

The  scattering  surface  can  scatter  light  not  from  the  target  into  the  target’s  image.  As 
such,  it  becomes  a  noise  source,  which  increa.ses  in  power  as  the  scattering  gets  worse. 
Typically,  this  implies  an  increase  in  noise  from  the  target's  background,  with  a  modest 
decrease  in  signal-to-noise  ratio  (SNR).  However,  if  the  scatterer  is  illuminated  brightly,  e.g., 
by  direct  solar  radiation  or  by  an  anti-satellite  la.ser  blinder,  the  SNR  can  undergo  a  major 
decrease.  In  designing  for  stray  light  control  (baffles  and  shrouds),  this  should  be  considered, 

5.4,3  loni/ing  Radiation  Damage 

Optical  materials  flown  on  LDEF  did  not  show  damage  due  to  ionizing  radiation. 
Because  of  the  low  radiation  environment  to  which  these  comoonents  were  exposed  due  to 
the  LDEF  orbit,  care  must  be  exercised  in  picking  components  to  be  used  in  higher  altitude 
LEO.  At  these  higher  altitudes,  the  radiation  environment  will  become  quite  severe  and  could 
result  in  darkening  of  optical  components,  such  as  ULE'^’.  While  no  cryogenic  experiment 
was  flown  on  LDEF,  it  has  lx;en  shown  that  poor  control  over  contaminants  in  cryogenic 
components  will  result  in  darkening  due  to  the  radiation  environment. 
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5.4.4  Atomic  Oxygen 

While  soft  materials,  such  as  KRS'5.  suffered  damage  on  LDEF,  it  was  due  to  attack 
by  AO.  At  altitudes  above  800  km,  AO  is  no  longer  con.sidered  a  major  design  concern. 
Therefore,  for  higher-altitude  LEO  missions,  these  materials  may  be  suitable  for  u.se. 


5.5  RECOMMENDATIONS  FOR  ADDITIONAL  PROCESSINtJ  OF  LDEF  DATA 

A  large  number  of  samples  in  many  experiments  have  yet  to  undergo  measurements  of 
(spectrally-dependent)  transmission  and  reflection.  A  prioritization  of  samples  for  this  process 
is  recommended,  as  follows: 

•  Physically  undamaged,  "unchanged"  multilayer  dielectric  coatings. 

•  Phvsically  undtimaged,  "unchanged”  coatings  and  substrates. 

•  Physically  undamaged,  "contaminated"  coalings  and  substrates  which  can  he 
successfully  cleaned  . 

•  Other  coatings  and  substrates. 


l-or  multilayer  dielectric  coalings,  measurements  of  (spectrally-dependent)  reflection  is 
critical  to  assure  no  degradation.  As  shown  in  the  results  for  experiment  .80050-2,  certain 
surfaces  can  be  cleaned  of  contaminaius  and  restored  to  their  pre-flight  values  {.section 
4, .5. 1.4),  By  prioritizing  ongoing  experimental  as.scssments  this  way,  a  better  understanding  of 
what  "worked"  will  soon  be  available. 


CHAPTER  6 

THE  EFFECTS  OF  MICROMETEOROIDS  AND  DEBRIS  (M&D) 


A  general  introduction  to  the  microparticle  space  environment  for  low  Earth  orbit 
(LEO)  was  given  in  Chapter  3.  An  in-depth  description  of  the  M&D  environment,  the 
models  used,  and  its  effect  on  optics  is  given  in  Ref.  1 .  This  chapter  provides  a  detailed 
summary  of  the  material  in  Ref.  1. 


6.1  SPACECRAFT  MICROPARTICLE  IMPACT  FLUX  DEFINITION 

6.1.1  Introduction 

The  microparticle  environment  encountered  by  a  spacecraft  in  low  and  medium  Earth 
orbit  (LEO  and  MEO,  respectively)  is  defined  by  two  sources:  man-made  debris  from  space 
activity  .since  Octolxjr  1957,  and  naturally  occurring  micrometeoroids.  The  two  models  u.sed 
in  the.se  computations  have  reduced  the  raw  data  obtained  so  far  into  functions  that 
characterize  the  microparticle  fluxes.  These  flux  data  must  then  be  transformed  to  the 
appropriate  moving  coordinate  .system  of  an  orbiting  satellite,  and  then  integrated  over  the 
required  mission  life  time.  Due  to  the  vector  addition  rules  for  impact  velocity,  the  front  end 
(RAM  direction)  of  a  .satellite  will  experience  more  microptiriicle  impacts  than  the  rear  end 
(the  TRAIL  end).  The  model  predictions  arc  in  the  form  of  number  of  cumulative 
impact.s/mVyear  versus  a  given  impactor  size  distribution  (i.c.,  for  impactors  greater  than  or 
equal  to  a  given  size)  and  also  as  functions  of  the  crater  size.s  expected  versus  impactor  sizes. 

A  computer  program,  SPENV  (.Space  Environment)  models  the  mierometeoroid  and 
space  debris  environment  ei.countered  by  a  spacecraft  in  an  orbit  between  200  and  4(/()()  km. 
The  phenomenoktgy  numerically  computed  is  provided  by  B.G.  Cour-Palais  (Ref  2)  for 
iTiicromcteoroids  and  by  D.  Kessler  (Ref.  3)  and  R.C.  Reynolds  for  space  debris.  The  models 
are  outlined  in  NASA  SP-8()13  (Ref.  2),  and  NASA-TM-1()()47 1  (Ref.  3)  with  recent.  1990. 
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data,  provided  in  a  recent  Phillips  Laboratory  briefing  by  Kessler  (Ref.  4),  respectively.  The 
predicted  results  from  the  program  are  being  compared  with  the  data  seen  from  the 
Interplanetary  Dust  Experiment  (IDE),  and  other  cratering  and  penetration  data,  from  the 
LDEF  satellite.  The  following  is  a  bi  ief  di.scussion  of  the  models,  and  the  predictions 
obtained,  and  how  these  predictions  compare  with  experimental  data. 


6.1.2  Man-made  Debris 

The  tnicropaniclc  environment  is  dc.scribed  in  tenns  of  two  separate  models,  one  for 
the  man-made  debris,  and  titc  second  one  for  the  naturally  occun-ing  micrometeoroids.  The 
existing  Ke.sslcr  debris  model  assumes  that  the  particles  arc  all  in  circular  orbits  and, 
therefore,  have  a  common  speed  with  that  of  any  spacecraft  which  is  also  in  a  circular  orbit  at 
the  same  altitude.  I'his  logic  immediately  implies  that  hits  can  only  be  in  the  plane  which  is 
parallel  to  the  Earth’s  surface.  Therefore,  only  the  RAM  and  SIDES  can  be  hit  and  there  will 
lx:  no  hits  on  cither  the  SPACE  end,  the  EARTH  end,  or  the  TRAIL  end.  The  debris  model 
predicts  that  the  number  of  hits  per  area,  per  time  arc  functions  of  altitude,  the  1 1  year  .solar 
cycle,  orbit  inclination,  paiticle  size,  and  time.  A  growth  model  has  been  a.ssumed  which  has 
two  components-one  component  tine  to  continued  launches  and  a  .second  component  due  to 
fragmentation  resulting  from  explosions  and  collisions  lx:twccn  tlie  various  pieces  within 
orbit.  An  important  point  to  note  is  that  for  debris  aliitudcs  greater  than  700  km  there  is  only 
a  simple  growth  factor,  since  the  influence  of  the  atmosphere  is  negligible.  However,  as 
altituiie  decreases  below  700  km  the  effect  of  the  atmosphere  Irecomes  increasingly  important 
and  there  is  a  cyclic  component  to  the  history  which  is  due  to  the  .solar  cycle  lx:havior  and 
the  consequential  atmospheric  heating  effect. 

When  bodies  collide  with  each  other,  or  fragment  due  to  explosions,  there  is  a  fractal 
fragmentation  log-log  function  de.scribing  the  relative  cumulative  ni;mlx:r  of  particles  against 
the  size  of  the  particles,  (iroiind  based  experiments,  lor  example  perfonned  by  Physical 
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Sciences,  Incorporated  (Ref.  5),  using  hypervelocity  impact  tests,  have  confinned  that  the 
general  trend  for  this  cumulative  data  as  a  function  of  the  size  of  tlie  resulting  particles  is 
very  similar  to  that  seen  for  the  space  debris  and  micrometeoroids,  as  shov/n  in  Figure  61. 

In  all  cases  the  cumulative  panicle  data  tend  to  .scale  inversely  with  the  size  of  the  particle  to 
some  power,  where  the  index  tends  to  be  about  at  least  2.25  for  debris  and  up  to  about  3.5  for 
micrometeoroids.  For  the  smaller  particles,  below  1  micron,  the  micrometeoroid  flux  is 
ob.served  to  level  off. 

Knowing  the  velocity  of  collision  it  is  po.ssibic  to  calculate  the  angle  of  impact  relative 
to  the  normal  to  the  RAM  direction,  as  .seen  in  Idgures  6-2  through  6-4.  1’hi.s  is  given  by  a 
simple  cosine  relationship.  Having  determined  the  polar  distribution  (which  is  all  within  the 
plane  parallel  to  the  Faith’s  surface),  it  is  po.ssibic  to  calculate  the  relative  number  of  hits  for 
a  given  surface  orientation.  'I’liis  is  obtained  by  using  the  polar  diagram  and  calculating  the 
local  cosine  directions  of  arrival  versus  the  local  normal  to  the  surface.  'Ihis  methodology 
reveals  that  the  relative  niitnlxr  of  collisions  is  a  maxiimim  on  the  RAM  surface  and 
gradually  drops  towards  0  as  the  surlace  is  rotated  towards  the  TRAIL  end.  Figures  6-2 
through  ()-4  illustrate  these  polar  distributions.  Note  how  they  display  "hutterny"  shapes,  with 
tietails  dependent  on  the  spacecraft  orbit  inclination,  (dearly  indicated  is  the  fact  that  there  is 
an  exclusii)!!  angle  for  imjtacls  near  tlie  RAM  vector,  demonstrating  the  dearth  of  direct  head- 
on  collisions. 

With  regard  to  the  mean  density  of  the  ilebris,  the  pie.sent  recommemlation  is  that  for 
particles  smaller  than  0.5  cm  the  mean  density  lx*  set  at  4,0  }z/cm'.  This  is  based  on  the  fact 
that  most  of  such  small  particles  consists  of  either  '.mall  alumina  pai  ticles  (c.g.,  from 
propellants)  or  the  debris  from  paint  and  pigments,  which  are  usually  comprised  of  such 
materials  as  titaniti  anti  zinc  oxide.  I 'or  larger  particles  greater  than  0,5  cm  the  density  is 
initially  about  2.S  g/cm'  (representing  aluminum)  but  Ixcomes  a  decreasing  factor  of  the  size 
of  the  particle  (i.e..  p  =  2,8/d"  '■*).  'I'he  basic  explanation  for  this  is  that  the  particles  are  not 
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solid  bodies  but  rather  ponioiis  of  structures  which,  therefore,  act  as  if  partially  hollow  and 
pseudo- porous. 

The  data  given  by  the  Kessler  inodel  is  one  of  hits  versus  iinpactor  diameter. 

However,  a  large  amount  of  the  data  ba.se,  such  as  .seen  on  LDEF  and  on  other  spacecraft 
(e.g.,  Solar  Max),  is  in  the  form  of  hits  versus  crater  or  perforation  diameters.  It  is,  therefore, 
necessary  to  relate  one  to  the  other.  It  is  well  known  that  for  a  given  size  particle  the  greater 
the  density  and  the  greater  the  impact  speed  the  larger  will  be  the  size  of  the  crater.  To  date, 
a  simple  scaling  law  has  l)ccn  applied  to  relate  the  size  of  the  crater  to  the  size  of  the  particle 
causing  it.  This  simple  rule  involves  a  cul>e-root  law  of  ratio  of  density  of  incoming  particle 
to  the  target  material  and  makes  use  of  a  two-thirds  power  law  for  the  collision  velocity  (i.c., 
the  "energy  scaling"  rule).  Sec  Idgure  6-5.  The  normalizer  is  based  on  known  teircstrial 
Aluminum  (Al)  into  A1  impact  data.  The  literature  on  impact  dynamics  is  full  of  analytic 
"curve  fits"  of  such  cratering  (at  least  19  equations  have  Itccii  identified).  Recent  work  (Ref. 
6)  has  produced  new  scaling  laws.  Thc.se  new  laws  will  be  applied  to  the  analysis  of  LDEF 
in  the  future,  however,  the  overall  changes  in  interpretation  are  expected  to  be  small  (e.g., 
less  than  20  percent).  'I'he  impacts  arc  a  function  of  the  local  collision  velocity  relative  to  the 
surface  normal,  and  the  latter  depends  on  the  orientation  of  a  given  surface.  Thus,  it  follows 
that  the  ratio  of  crater  diameter  to  particle  diameter  is  also  orientation  dependent.  In 
particular,  since  the  impact  speed  ilecrea.ses  going  from  RAM  to  TRAIL,  the  ratio  (crater 
diameter/|)articlc  diameter)  also  decrea.ses  going  from  RAM  to  d’RAlL.  Note  that  this  effect 
is  in  addition  to  the  change  in  impact  flux,  'rherefore,  the  cumulative  "crater  count"  is  doubly 
affected. 


6.1.3  Microinctc'oroids 

For  mierometeoroids.  it  should  lx;  noted  that  the  Fiarth  pas.scs  through  many  "tubes"  of 
micrometeoroid  orbits  during  its  annual  orbit.  The.sc  orbits  vary  from  those  which  arc  only 
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slightly  more  elliptical  than  the  Earth’s  to  those  with  very  large  semi-major  axes.  This  gives 
possible  velocities  up  to  42  km/s  for  micrometeoroids  at  the  Earth’s  orbital  radius,  while  the 
Eanh  itself  has  an  orbital  speed  of  approximately  30  km/s.  Since  some  of  the 
micromcteoroid  orbits  are  retrograde  relative  to  the  Fiarth  (e.g.,  the  Leonids)  the  potential 
head-on  collisional  speed  can  be  up  to  72  km/s.  However,  the  vast  majority  of  the 
micromcteoroid  orbits  are  prograde  and  consequently  the  lower  collisional  speed  is  about  12 
km/s  relative  to  tlic  Earth.  'I’hc  micromcteoroid  orbits  cncom’'ass  a  wide  range  of  inclinations 
relative  to  the  Earth’s  ecliptic  plane.  The  orbital  velocity  of  the  spacecraft  adds  a  further 
modulation  to  the.se  values.  The  average  of  the  collisional  speeds  for  a  spacecraft  is  about  ly 
km/s  (ignoring  local  angles  of  arrival  to  a  given  surface). 

For  short  mi.ssion  times  of  less  than  1  year,  it  would  be  ncccs.sary  to  correctly  track 
exactly  which  of  the  micrometeoroid  orbits  have  been  intercepted  by  the  Earth,  However,  for 
a  multiyear  mission,  where  collisions  occur  with  a  large  numl>er  of  micromcteoroid  orbits,  the 
assumption  is  that  the  micrometcoroiiis  are  coming  in  towards  the  Earth  from  all  possible 
directions  and,  therefore,  the  .system  ai)pear.s  to  Ik  geocentric  on  average. 

Zook  (Kef.  7)  has  provided  data  (e.g.,  NASA  SP-8013)  which  gives  the  relative 
velocity  of  the  micromctcoroids  as  seen  by  a  stationary  siiacccrafi  not  rr)taling  arountl  the 
Earth  and  also  as  .seen  by  a  spacecraft  with  its  orbital  speed.  The  tiata  base  for  these  velocity 
tlislributions  has  iKen  provided  by  Erick.son  (Ref.  X).  They  are  in  the  form  of  weighted 
velocities,  including  the  relative  luimber  of  impacts  as  a  function  of  velocity.  Figure  b-b 
illustrates  the  Erickson  data  showing  the  geocentric  ami  spacecraft-centered  relative  velocities. 


'  By  inspecting  all  the  possible  combimitions  of  collisional  velocity  and  angle  of  arrival 

1 

relative  to  the  spacecraft  RAM  vector,  it  is  possible  to  derive  a  matrix  which  can  be  read  for 

I 

each  angle  of  arrival  and  given  in  the  form  of  weighted  numbers  versus  collisional  speed. 

I  'riiis  allows  a  polar  diagram  to  be  establislietl  which  is  three  dimensional  and  axially 

I 

I  - - - — - - 
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symmetric  around  the  RAM  axis.  A  two-dimensional  plot  is  shown  in  Figure  6-7.  This  plot 
gives  the  velocity  for  the  mean  number  of  impacts  per  kilometers  per  second.  This  would  be 
a  truly  axially  symmetric  distribution  if  the  spacecraft  orbit  was  at  a  very  high  altitude  such 
that  Earth  shielding  could  be  ignored.  However,  for  lower  orbits,  the  Earth  subtends  an 
exclusion  angle  such  that  some  particles  cannot  be  .seen  from  the  side  of  the  Earth.  'Hiis 
shielding  angle  has  no  effect  for  imi)acts  an  iving  on  the  SPACE  end  of  the  spacecraft. 
However,  it  docs  innuence  all  the  possible  impacts  on  every  otlier  suifacc,  including  RAM, 
SIDES.  TRAIL,  and  especially  the  liARTH  facing  side.  For  sufficiently  low  altitude,  the 
EAR'I’H  face  will  suffer  0  impacts,  while  the  RAM,  TRAIL,  and  SIDES  will  .see  exactly  one 
half  the  free-space  values.  In  free  space  the  RAM  will  experience  the  largest  numlx;r  of 
impacts,  but  at  LEO  the  RAM  count  can  be  less  than  that  for  the  SPACE  end.  'Hie  effect  of 
Earth  shielding  is  shown  in  Figure  6-8. 


Unlike  the  case  of  man  tnade  space  tiehris,  the  micrometeoroid  flux  in  LEO  (less  than 
2000  km)  is  a.ssumed  to  lx:  essentially  independent  of  the  altitude  since  the  particles  are 
experiencing  only  a  one-shot  transfer  through  the  atmosphere  and,  therefore,  are  not  in  orbit 
long  enough  to  lx:  significantly  influenced  by  the  atmosphere.  Further,  the  gravitational 
focusing  effect  dc.scrilx;d  in  Chapter  2  changes  very  little  for  such  altitudes  (e.g.,  10  percent 
at  20()0  km).  Likewise,  iKCau.se  of  the  assumption  of  the  gcocenuic  distribution,  there  is  no 
correlation  with  the  spacecraft  orbital  inclination.  Unlike  the  ca.se  of  man-made  spiice  debris, 
NA.SA  presently  recommend:;  that  for  the  lower  orbit  mieromeieoroid  distribution  the  mean 
density  is  about  i).5  g/em'.  This  i.s  primarily  lx:cau.se  most  of  the  microparticles  are  from 
cometary  ices.  'Fhere  are,  additionally,  some  astcroidal  sources  which  can  include  materials 
up  to  iron  and  nickel  with  densities  up  to  7.8  g/cm'.  However,  these  con.stitute  only  a  very 
small  fraction  r)f  the  total  numlx:r  of  micrometeoroids  .seen  in  LEO.  As  with  the  man-made 
space  debris,  it  is  neccssai^  to  convert  from  crater  sizes  tlue  to  impacts  versus  the  impactor 
size  it.self.  Thus,  u.se  must  be  made  of  the  NASA  recommended  micrometeoroid  density  in 
order  to  update  the  ratio  of  crater  size  to  particle  size.  This  will  again  be  a  function  of 
surface  such  that  on  the  RAM  surface,  the  overall  ratio  of  cratering  versus  particle  size  would 
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be  larger  tlian  for  any  otlier  surface.  Figure  6-9  displays  the  crater- to-particle  ratio  for  tlie 
polar  orientations  for  iriicrometcoroids  impacting  aluminum. 

With  regard  to  the  l.DFF  orbit,  the  model  prc.sently  predicts  that  the  ratio  of  impacts 
for  the  SPACE-looking  end  versus  the  HARTH-looking  end  should  be  about  10.5.  Figure  6-8 
shows  the  relative  number  of  hits  per  .square  meter,  for  the  specific  ca.se  of  particle  sizes 
greater  than  Ipm.  as  a  function  of  altitude.  It  can  be  .seen  that  the  SPACE-looking  end  is 
essentially  a  consttmt  (the  obsci’vcd  slight  incrca.se.  .seen  in  the  plot,  is  merely  due  to  rounding 
errors  in  the  computer  routine  wltich  has  not  Ixjcn  optimized)  while  the  RAM  and  SIDES  start 
with  noticeably  lower  impact  numlxtrs  which  gradually  increase  as  the  altitude  increases. 
Ultimately,  for  very  high  altitudes  the  RAM  surface  will  coittain  the  largest  number  of  hits. 
Also  .seen  from  the  diagram  is  the  fact  that  the  EARTH  facing  surface  receives  the  minimum 
nuntlx;r  of  hits  which  reduce  to  0  as  the  altitude  collapses  to  0. 


6.1.4  Inipucl  KrrtH:t.s 

Regiirding  the  effect  of  impacts  on  a  borly.  for  thick  ductile  targets  relative  to  impactor 
sizes,  craters  will  Ire  Idrmed.  These  craters  have  lips  varying  from  plastic  flow  to  molten 
splatter,  ('onversely,  Idr  foil  targets  mucli  thinner  than  the  particle  diameter,  perforations 
occur  where  the  hole  size  is  only  slightly  larger  than  the  particle  size.  However,  .sectmdary 
damage  can  occur  due  to  the  puncheri  <nit  section  and  the  remnants  of  the  incoming  particle. 
For  high  velocity  impacts  both  the  impactor  and  portions  of  the  target  are  vaporized.  F-or 
lower  velocities  the  impactor  and  target  or  foil  remnants  remain  molten  or  solid  and 
secondary  damage  is  possible  due  to  ricochets  andA)r  impacts  with  material  behind  foils.  A 
problem  of  concern  is  brittle  materials,  such  as  AO  protection  layers  (usually  oxides),  glas.ses 
and  ceramics.  In  addition  trr  craters  there  are  frequently  observed  coiichoidal  surface  spalls 
around  the  crater  and  star  cracks  moving  ratlially  away  from  the  crater.  This  situation  is 
similar  to  the  well-known  stone  penetrating  a  gla.ss  window.  Also,  when  dealing  with  layered 
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targets  with  relatively  weak  adhesion  between  layers  and  quite  significant  differences  in 
acoustic  impedances  of  materials,  it  is  common  to  obseiwc  delaminations  in  the  neighborhood 
of  the  crater.  Other  .synergies  occur,  such  as  interaction  with  UV.  AO  and  thermal  cycling. 
For  example,  plastics  (e.g.,  Kapton,  Mylar,  Teflon)  tend  to  embrittle  under  UV  exposure,  and 
the  combined  effects  of  impacts,  AO  and  thermal  cycling,  can  reduce  thermal  control  paints 
to  fine  dust,  thereby  posing  a  contamination  hazard. 

Averaging  over  all  lx;havior  for  both  the  space  debris  and  micromeieoroids,  cratering 
tends  to  give  a  ratio  of  crater  size  to  particle  size  with  a  mean  value  of  about  5.  However, 
for  local  sptills  the  ratio  of  .spall  radius  to  particle  radius  is  about  20.  When  brittle  target  star 
ciacks  are  formed,  the  star  crack  iratterii  it.self  has  Ixten  ob.servcd  to  extend  outward  for  up  to 
almost  1(10  times  the.  original  size  of  the  particle,  dependent  on  materials  and  impact  velocity. 
These  effects  may  have  serious  repercussions  for  the  responses  of  optics  which  u.se  brittle 
materials,  piirticultirly  for  the  case  of  larger  high  velocity  particles.  The  major  problem  is  one 
of  "sand-blasting"  of  surfaces  by  small  particles.  The  much  larger  impactors  have  an 
exceedingly  low  probability  of  collision  (except  for  very  large  area  spacecraft,  such  as  Space 
Station  iicedom)  but  can  produce  catastrophic  events  by  rupturing  pressure  vessels,  etc. 

The  "saiul  blasting"  can  remove  AO  coalings,  which  worsens  the  synergistic  AO 
erosion  on  materials,  and  can  upset  optics,  associated  tele.scope  baffles,  solar  cells,  star 
trackers,  and  thermal  railiator  surfaces.  Fxisting  data  on  space  flown  ductile  metallic  mirrors 
(kef.  '■))  such  as  aluminum,  steel  or  aluminum-coated  steel,  have  indicated  that  there  is  only  a 
relatively  small  change  in  actual  reflectivity  (e.g.,  less  than  1  percent,  determined  by  on-board 
measurements  of  absorptivity  and  emissivity)  even  for  greater  than  20  year  lifetimes. 

However,  this  repre.sents  data  since  1070,  and  the  man  nuule  debris  has  been  escalating  more 
rapidly  in  the  recent  past. 

Unfortunately,  there  is,  to  date,  limiteil  existing  riata  on  any  corresponding  iiicrea.ses  in 
the  BRli)f'  (units  of  sr')  .scattering.  For  optics  which  merely  collect  light  the.se  data  suggest 

f)-X 
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^  minimal  effects  but  for  imaging  optics,  increases  in  associated  scatter  may  be  very  important. 

Purtlier,  if  AO-susceptible  reflectors  (c.g.,  silver)  arc  employed  it  is  necessary  to  use  an  AO 
overcoat.  The  ability  of  impactors  to  penetrate  the  AO  layer  implies  serious  potential 
problems.  For  example,  an  AO  layer  of  thickness  400  A  can  be  penetrated  by  a  particle  of 
only  200  A  diameter,  and  the  flux  for  such  small  particles  is  very  high  (but  also  very 
uncertain  for  the, sc  .size.s).  Thus,  the  silver  layer  could  rapidly  become  suiijcct  to  AO  attack, 
particularly  since  the  brittle  AO  layer  will  suffer  from  large  star-cracks. 

6,1.5  I’rodictioiis  and  IJ)KF  (!()itipai'i.s(>n.s 

Using  the  models  tle.scrilHxi  above  predictions  (Ref.  10)  have  l>ccn  done  for  the  LDFF' 
.satellite.  Some  .selected  results  are  shown  in  Figures  6  10  to  6  1.'^.  In  general,  it  can  lx;  seen 
that  the  existing  models  fit  the  experimental  ilata  within  a  factor  of  about  2  to  .T  Note  that 
the  true  LDFF  RAM  surface  was  aecidentally  set  at  8”  to  the  intcndeil  orientation  (toward  the 

NORTH).  This  effect  has  iK'cn  included  by  giving  tjuotes  at:  .^52,  .V22,  292 . degrees, 

etc.,  rather  than  at  0,  .'^0,  60 . etc.,  for  the  12  faces  around  the  body. 

The.se  data  arc  basetl  primarily  on  crater  counts,  especially  in  the  aluminum  structure 
of  LDIiF  (longerons  and  intCKa)stais),  It  is  observed  that  for  the  smallest  particles  the  crater 
count  asymptote.s,  wheieas  the  Kessler  debris  model  predicts  a  steaily  increase  with  decreasing 
particle  size,  This  effect  may  Ixr  due  to  the  anodi/.ed  coating  on  the  aluminum.  Tliis  alumina 
coating  is  botli  touglier  and  of  higher  density  than  the  metal.  C'onscqucnily.  the  craters  will 
Ixr  smaller  than  in  the  metal  and  may  artificially  cause  llie  roll-off.  Otlier  data,  available  from 
the  Interplanetary  Dust  Fxperiment  (IDF)  on  LDFF',  al.so  provide  information  for  the  smaller 
particles.  These  data  indicate  a  higher  flux  than  the  aluminum  crater  count.  It  should  also  lx: 
noted  that  the  IDF  data  are  for  mean  flux  rates,  whereas  the  actual  time  dependent  IDF  data 
show  dynamic  variations  in  flux  rates  ranging  from  0  to  lOOO  times  the  mean  flux  rate.  The 
IDF  data  also  indicate  that  the  many  orbital  particles  are  in  elliptical  orbits  (again  not 
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predicted  in  the  models)  and  that  these  particles  arc  in  clouds,  thus  causing  the  dynamic  flux 
rate  variations. 


6.1.C'  Caveats  on  the  Microparticle  Models 

Many  caveats  should  be  applied  to  the  existing  models  which  define  the  microparticle 
space  flu  (  environment.  'I'lie  present  assumption  that  all  debris  orbits  arc  purely  circular 
automatically  forbids  any  collision  on  either  the  SPACE-end  or  the  EARTH-end.  In  reality, 
many  orbits  must  be  slightly  elliptical  (due  to  random  collisions  and  explosions)  while  otliers 
arc  stiongly  elliptical  (due  to  rocket  exhaust  products  and  explosions  in  Hohmann  transfer 
orbits)  and,  therefore,  there  will  be  a  contribution  to  both  SPACE-end  and  EARTH-end,  and 
additional  hits  on  the  'I'RAIE. 

For  random  debris  orbits  the  .self-collision  rale  per  volume  per  time  (causing  yet  more 
fragi'icntatioii)  is  proportional  to  the  .square  of  the  particle  density  per  volume,  to  the  mean 
■■''•sectional  collisional  area,  and  the  mean  collision  speed.  Thus,  the  small  particle 
pi.,  -ilation  should  increase  rapidly  veisus  that  for  the  larger  sizes.  Kessler  is  fully  aware  of 
the  implications  and  indicates  that  l->cyo:id  a  critical  particle  density  (per  volume)  a  "runaway" 
■  i’U'ition  occurs,  with  self-collisions  causing  the  population  to  grow  even  without  further 
space  launches.  Iiidcefl.  Kessler  sugge.sts  that  this  situation  may  have  already  occurred  for  llie 
d.’hns  at  altitude  .,  of  about  lOOO  and  l.'ibO  km.  where  air  drag  effects  are  negligible. 


With  regard  to  the  natural  environment  of  micrometeoroids,  the  biggest  caveat 
concerns  the  .suggc  ,fion  that  the  particles  are  apparently  geocentric.  In  reality,  til's  will  only 
Ise  approx itiiately  triic  for  lorig  lived  missions;  particularly  those  that  include  a  large  number 
of  .saie'./ic  orbits  logether  with  a  large  numl'ter  of  precessions  of  the  spacecraft  orbital  plane. 
Furthennore,  it  should  I)e  noted  that  in  attempting  to  coirelate  the  observations  on  LDEF 
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versus  the  model  predictions  for  the  environment,  tlic  answers  are  sensitive  to  assumptions 
with  regard  to  crater  sizes  versus  particle  sizes. 

Examination  of  the  LDEF  data  reveals  an  interesting  bias  in  the  impact  flux  (Ref.  11): 
the  peak  flux  is  NO'l’  symmeuically  distributed  about  the  RAM  direction  in  the  plane  parallel 
to  the  Earth’s  surface  (i.e.,  the  two  SIDES  are  not  equal  as  expected).  This  effect  cannot  be 
readily  explained  for  man-made  debris  since  the  interception  of  a  circular  spacecraft  orbit 
with  a  circular  debris  orbit  must  necessarily  involve  two  collisions  per  orbit  (except  for  the 
rare  condition  of  "kissing"  orbits  at  apogee  or  perigee),  Thc.se  two  states  give  symmetry 
about  the  RAM  axis,  thereby  causing  the  RAM  direction  to  experience  the  greatest  number  of 
hits. 


One  probable  explanation  lies  with  the  micromeieoroids.  In  reality  each  interception 
of  a  micrometeoroid  orbit  "tube"  with  the  Earth  always  results  in  the  llux  lx;ing  "one-sided" 
with  re.spect  to  the  Earth’s  orltit.  liither  the  flux  is  "inward  bound"  towards  the  sun,  or  it  is 
"outward  bound"  from  the  sun.  l-urther,  the  flux  appears  to  be  monodirectional  at  the  instant 
of  interception.  'I'luis,  the  true  "Itarth-shiclding"  is  really  simple  ecliptic  geometric  shadowing 
for  LEO  (i.e.,  NOT  the  subtended  solid  angle  of  the  Eari'i  .seen  by  the  spticccraft).  Thus,  a 
spacecrtift  in  LE.O  could  be  shielded  from  the  particles  foi’  almost  a  complete  half  orbit  if  the 
phine  of  its  orbit  is  close  to  that  of  the  orbit  of  the  micromctcoroids.  The  result  can  lx;  a  bias 
such  that  one  "half"  of  the  spacecraft  experiences  the  impacts  while  the  other  half  .sees  none. 
The  "half"  will  include  surface.',  ranging  from  the  RAM  through  Sf^ACE  round  to  the  TRAIL, 
with  one  SIDE  receiving  ir.ore  impacts  than  the  corre.sponding  other  SIDE,  and  the  exact 
surfaces  involved  will  depend  on  the  local  plane  of  the  spacecraft  orbit  relative  to  that  of  the 
micrometeoroitis.  Note  that  the  LDlib  inclination  of  28. .“i"  together  with  the  Earth's  axial  tilt 
of  meant  that,  with  orbital  inecession,  the  plane  of  l.nEF's  orbit  oscillated  between  5° 

and  relative  to  the  ecliptic.  Th  -re  were  about  .18  complete  orbital  precessions  during 

LDEl-’s  lif-timo  (precession  rate  of  about  b..*;"  per  day)  and  ttbout  .12, ()()()  complete  orbits. 


0 
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Elliptical  debris  orbits  can  also  sometimes  introduce  impact  asymmetries,  especially 
for  orbit  planes  which  are  at  large  angles  to  the  target  satellite  orbit  plane,  where  it  is  possible 
to  have  only  one  intersection  point  l)etween  tlie  orbits. 


6.1.7  Elliptical  Orbits  W 

Efforts  have  begun  looking  at  ways  to  update  the  Kessler  model  for  debris  to  allow  for 
inclusion  of  noncircular  debris  orbits.  LDEE  data  demonstrates  that  such  orbits  exist  since  ^ 

several  impacts  of  debris  have  been  unambiguously  identified  on  the  TRAIL  surface  (at  least  a 

15  percent  of  the  total  crater  count).  Ke.ssler's  (Refs.  12  and  13)  preliminary  analyses  suggest  0 

that  the  most  probable  source  of  this  debris  are  orbits  from  Hohmann  transfers  out  to  GEO  0 

and  with  small  inclinations  (i.e.,  less  than  30”).  Cuirently  the  impact  options  for  an  as.sumed  ® 

group  of  debris  orbits  with  small  inclinations  and  with  apogee  at  GEO  and  various  perigee  ^ 

values  down  to  200  km  arc  being  analyzed.  The  various  impact  options  on  the  l.DI'P  satellite  _ 

have  l>een  identified,  and  the  analy.ses  confirm  that  the  major  effect  is  to  give  TRAIL  impacts,  ^ 

but  al.so  with  a  small  contribution  to  the  .SPAf'E  aiul  EARTH  surfaces,  and  a  larger  A 

contribution  to  the  SIDE.S.  0 

The  purpose  of  this  analysis  is  to  allow  as.sessmcnt  of  the  effects  of  elliptical  tlcbris  ^ 

orbits  on  any  other  satellite  orbit,  since  the  present  Ke.ssler  analysis  docs  not  allow  such  facts 
to  l>c  determined.  In  particular,  if  the  satellite  were  in  a  retrograde  orbit  (c.g.,  launched  out  ^ 

of  Vandenl')crg  to  the  north-west),  then  the  elliptical  orbit  debris  would  add  to  the  R,^M  a 

impacts,  which  would  lx*  at  very  high  collision  speed.  .Such  facts  need  quantifying.  0 

Figures  6-14  through  6-  IH  give  the  imptict  conditions  for  LDEF.  l-'igure  6-14  shows  " 

the  coordinate  system  used.  The  RAM-TRAIL  axis  is  Y,  the  SIDE-SIDE  axis  is  X,  while,  the 
SPACE-EARTH  axis  is  Z,  Figure  6-15  shows  the  absolute  impact  speeds.  The  minimum  ^ 

corresponds  to  the  case  of  the  elliptical  debris  orbit  which  Just  "kis.ses”  the  L.DEF  orbit  (i.e.,  m 
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has  a  perigee  equal  to  LDEF’s  orbit  radius).  The  parabola  indicates  the  hits  for  all  other 
perigees  down  to  200  km.  Figures  6-16  through  6-18  illustrate  the  components  of  the  impact 
velocity  which  are  along  the  nomial  to  the  TRAIL,  SPACE/EARTH,  and  SIDES  surfaces, 
respectively.  Symmetry  cau.ses  the  two  SIDE  conditions  to  be  identical.  Likewi.se,  the 
SPACE  and  EARTH  conditions  arc  equal. 

The  calculations  indicate  that  for  LDEF  the  absolute  impact  speeds  were  up  to 
5.0  km/s,  while  the  nonnal  components  of  impact  velocity  were  up  to  about  1.8  km/s  on  the 
TRAIL  surface.  'Hie  SPACtVEAR'ITl  surfaces  involved  only  small  velocities  (0.3  km/,s)  and 
the  SIDE  .surfaces  involved  velocities  up  to  4.7  km/s,  'lliese  numbers  are  consi.stent  with 
recent  quotes  from  Kessler  (Fred  Ildrz,  NASA  J.SC,  private  communication). 

Figures  6-10  through  6-22  show  the  corre.sponding  results  for  a  satellite  in  a  different 
orbit,  namely  an  altitude  of  1600  km  and  inclination  of  60".  Note  that  these  ealeulations  give 
somewhat  larger  impact  velocities  (up  to  8. .5  km/s  absoUilc).  The  implication  is  that  such 
other  .satellite  orbits  will  also  .suffer  from  debris  impact  damage  on  the  TRAIL,  SIDES,  and 
SPACE  and  EARTH  surfaces,  but  also  on  the  RAM  suiface.  One  importance  of  these 
elliptical  debris  orbits  is  that  they  Ciui.se  impacts  on  the  EARTH  surface.  Such  hits  cannot 
occur  with  the  ''staiulard"  Kessler  circular  debris  orbit  model.  Thus,  ordinarily  only 
micrometeoroids  can  hit  this  surf  ice  (caiising  only  a  .small  increa.se  in  .scatter  due  to  the 
Earth-shielding  effect).  The  elliptical  debris  orbits  intersect  the  circular  target  orbits  at  small 
angles,  nanady  up  to  10.6"  from  the  .SPACE/EARTH  surface  plane  for  the  LDEF’  altitude,  and 
up  to  22.6°  for  an  altitude  of  1600  km.  Taking  into  account  the  vectors  for  velocities,  this 
results  in  impacts  on  the  SPACE/IiARTH  surfaces  which  arc  at  50.2°  from  the  surface  normal 
for  the  LDEF  altitude,  and  at  21.6°  from  the  surface  normal  for  the  1600  km  altitude.  Thus, 
liigh-inclination,  high-altitude  orbits  are  mo.st  su.sccptiblc. 
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Note  that  the  reference  to  "maximum  angle  of  hits  in  circular  orbit"  is  the  included 
angle  of  the  circular  orbit  of  the  target  satellite  where  hits  due  to  debris  in  elliptical  orbits  can 
occur. 


Elliptical  orbit  analysis  is  continuing  in  order  to  re-estimate  tlie  possible  concents  for 
EAR'I'H-looking  optics,  which  aie  frequently  employed  and  ordinarily  considered  relatively 
".safe"  from  impacts.  I’he  actual  data  from  LDEE  has  not  yet  Iteon  scrutinized  in  detail  (e.g., 
via  chemical  analysi.s)  for  the  EAR  TH  surface,  ,so  no  comments  can  yet  be  made  concerning 
debris  impacts  on  this  suifacc. 


6.2  ANALYSIS  OF  CRA  I  KK  FFl  ICC!  S  ON  OPTICS 

lm{)acts  on  optics  can  cau.se  simple  pseudo-hemispherical  craters  (for  ductile  metals), 
or  craters  surrounded  by  cuiichoidal  froni-suiface  spalls  and  sometimes  radial  "star"  cracks 
(brittle  gliisscs  and  ceramics).  Tor  multiluytM'  packages  the  impticts  can  also  induce 
delamination  of  the  various  layers.  Note  that  real  craters  are  rarely  hemispherical,  and  the 
ratio  of  depth  to  diameter  it.sually  lies  in  the  range  ()f(),3  to  0.7.  New  hyi>crvelocity  impact 
scaling  laws  take  these  factors  into  account. 


6.2.1  Fructionul  Area  Damage 

The  many  calculations  give  predictions  of  cumulative  impacts  per  area  of  surface 
versus  particle  size  aiui  crater  si/e,  for  a  range  of  altiiiides,  orbit  inclinations,  and  satellite 
surface  orientations.  To  estimate  the  fractional  damage  areas,  the  oumulalive  impact  ve.isus 
size  function  is  first  differentiateti,  then  the  I'unction  is  muitiplied  by  the  corresjrondiiu’;  areas 
of  (he  craters,  and  finally  reintegrated. 
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For  example,  if  the  cumulative  mimlx:r  (CN)  =  A  /  D"  hits  per  area  for  particles 
greater  than  diameter  D,  u'ith  A  a  constatit.  and  n  the  po'ver  index,  then  it  can  be  shown  that 
the  corrcsitonding  fractiontil  area  damage  is  given  by: 

Fractional  area  =  (n  /  4)  x  x  (n  /(n  2))  x  A  /  D"  '' 

where  k  is  the  ratio  of  the  crater  diameter  to  the  impactor  diameter.  For  the  case  of  small  debris 
(le.ss  than  1  cm),  n  has  the  value  of  2.5.  The  above  equation  can  then  be  rewritten: 


Fractional  area  =  (rv  /  4)  x  k''  x  5  x  x 


The  value  depends  on  l.),„i„  since  n  is  greater  than  2.  To  consider  a  specific  case,  wc  calculate 
the  fractional  area  of  erosion  for  the  HAM  surface  for  the  case  of  an  aliituile  of  1  ()()()  km  and 
inclination  of  60".  The  existing  models  predict  that  such  an  orbit  is  one  of  the  worst  in  terms 
ol  combined  micrometcoroid  and  debris  impacts.  For  this  case  k  "  7.0.  Assuming  Uiat  craters 
of  si/x  down  to  about  1  pm  arc  important  (this  is  comparable  to  operating  wavelengths,  and  the 
thicknesses  of  quarter-wave  dielectric  optical  laycl■s^  ve  obtain: 


iTactional  area  '■  7.3  x  10'’  .  i.c.,  about  0.1  percent. 


'I'his  is  a  significant  amount  of  erosion  and  can  lx:  expected  to  piodtice  significant  optical  .scatter, 
as  discussed  Ixdow.  Note,  however,  that  the  I.DF.Fdata  have  indicated  that  the  Kessler  model 
is  tending  to  overpredict  the  debris  population  at  the  smaller  sizes.  Consequently,  the  above 
estimate  is  probably  too  large,  by  perhaps  a  factor  of  three  (the  enor  would  Ire  much  larger  if 
an  attempt  was  made  to  incliuic  submicron  debris  particles).  However,  the  above  calculation  is 
only  for  man-made  debris,  aiui  the  micromeieoroids  will  also  contribute,  though  to  a  smaller 
degree,  i-'urther,  the  above  calculation  applies  only  to  simple  cratering.  If  the  damage  zone 
includes  surface  spalling  and/or  radial  cracks  the  effective  area  increases  rapidly.  LDFF  itself 


( 
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indicated  aroai  crosion.s  of  about  1  percent  on  the  thcnnal  control  materials  facing  into  the  RAM, 


6.2.2  Optical  BRDF  Scatter  Calculations 


Tlie  anticipated  effects  of  impact  ilamage  on  optics  include:  (a)  a  reduction  in  retlectivity 
(tor  mirrors),  (bl  a  reduction  in  transmission  (for  lenses  undyor  windows),  and  (c)  an  increase  in 
optical  .scatter  (for  botli  mirrors  and  lenses/window.s).  lixperiments  by  Mirtich  (Ref.  ^)),  whereby 
metallic  mirrors  were  impacted  by  .small  panicles,  demonstrated  that  retlectivity  gradually 
decrea.sed  as  the  total  surface  im|)aci  energy  density  inercaseii  (i.e..  ergs/cm^  of  the  particle 
kinetic  energy).  Since  the  crater  surfaces  remain  reflective,  the  decrea.se  in  retlectivity  is 
probably  related  to  the  surface  roughening  which  gradually  produces  the  equivalent  effect  of 
producing  a  "light  trapiting"  baftle-like  surface.  However,  calculations  of  the  coiresponding 
energy  flux  expected  for  the  micrometeoroids  and  .space  debris  for  even  10  year  missions  in  I  JvO 
suggest  this  efiect  to  l>c  small.  Reports  by  Mirtich  of  data  from  space  llown  mirrors  with 
missions  up  to  20  ye:irs  (e.g.,  the  SfiRT  and  O.SO  .satellites)  iiuiicate  very  small  reductions  iit 
reflectivity  (less  than  1  percent)  in  agreement  with  the  pretliciioiis,  (Note  that  ihc.se  mirrors  are 
non  recovered:  the  tlai  i  are  via  telemetry  and  consist  of  ciiiission/absmption  in-situ 
measurements).  'I  hus,  changes  m  refleclivity  (or  transmission)  are  expected  to  lx;  small.  'Ilie 
major  problem  is  increases  in  optical  scatter. 


1 


Optical  scatter  produces  three  effects;  (!)  a  reduction  in  light  throughput,  (2)  a  reduction 
in  resolution,  and  (3)  a  reduction  in  signal  to  noise  due  to  background  "light-up".  This  can  occur 
either  due  to  light  trom  briglit  .sources  (other  than  the  required  target)  within  the  field  of  view, 
or  can  occui  tor  bright  sources  nominally  ouisirle  ot  the  tield  of  view  ii  the  light  is  redirected 
into  the  optiettl  triiin  path.  Ot  these  three  cllects  item  ,1  is  usually  the  one  of  greatest  concern. 
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6.2.2 A  Equivalent  Cuntumiiiation  Approach 

The  cotnpututions  to  date  indicate  the  cumulative  hit  ite  (per  square  meter)  for  an 
assumed  mission  time  of  6  years,  starting  in  19%,  and  show  hits  versus  impactor  diameters  for 
differing  spacecraft  surface  orientations.  Thc.se  data  are  now  augmented  with  infonnation  versus 
crater  sizes.  Prom  the  latter  it  is  possible  to  e.stablisli  first-order  e.stiniates  of  increases  in  optical 
scatter.  This  is  done  by  determining  the  equivalent  "contamination  level"  as  defined  in  Mll.-STD 
124bA.  Young  (Ref.  14)  has  already  performed  lx)lh  experiments  and  computations  (using  Mic 
optical  .scatter  theory)  to  derive  incrca.ses  in  BRDP  as  functions  of  contamination  levels  for  small 
particles  on  mirror  surfaces,  'lluis.  by  finding  the  "equivalent"  conditions  (.assuming  craters 
scatter  in  a  similar  manner  to  spheres  on  a  mirror)  it  is  possible  to  derive  the  BRDP'  as  functions 
of  wavelength  anti  cratering  for  any  cho.scn  sp:icecrafi  surface, 


Pigure  ()  2?>  illustrates  the  MID  STD  124()A  data  plotteil  on  the  same  scales  as  used  for 
the  cumulative  impacts  (per  area)  versus  crater  sizes.  Note  that  each  "level"  plot  euives  over  as 
the  size  decreases  (rather  like  the  kdiavior  for  micrometeoroids),  and  that  this  tendency  to 
asymptote  is  most  obvious  for  the  lower  "levels".  P'or  reference,  note  that  the  meaning  of  "level" 
is  that  the  distribution  is  one  for  which  there  is  one  particle  per  .siiuare  foot  ol  surface  area  (equal 
to  10. 7b  per  m^')  of  si/.e  "level"  microns  diameter  (e.g.,  "200"  means  there  is  one  particle/ft^  of 
diameter  200  pm).  'I'he  data  from  Pigure  6-2.^  arc  compared  to  each  of  the  impact-versus-crater 
plots,  and  a  mean  estimate  of  equivalent  contaminant  level  is  obtained.  Clearly,  since  the  two 
groups  of  data  do  not  have  the  same  power  index,  there  is  no  unique  .solution.  However,  optical 
.scatter  will  be  dominated  by  the  larger  craters,  and  so  the  "Ixssi"  definition  of  eipiivalent  "level" 
is  found  by  matching  the  data  at  the  larger  sizes. 


As  an  example,  consider  the  data  fi)r  the  RAM  for;‘..i  altitude  of  lOOO  km  and  inclination 
of  60°.  The  predictions  for  debris  give  abmit  10.76  imp.ict.s/nY  for  craters  of  diameter  about  0.1 
cm  (lOOO  pm),  while  for  micrometeoroids  the  conesponding  size  is  about  0.06  cm  (600  pm). 
Thus,  the  equivalent  MIl.-STD  levels  arc  about  "1000"  and  "600",  respectively.  Plowcver,  the 
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predictions  for  cratering  "slew"  across  the  MIL-STD  plots,  such  that  for  craters  of  size  10  pin 
the  corresponding  "levels"  are  about  "400"  and  "100",  respectively.  Reference  to  the  work  of 
Young  allows  pciik  HRDI-  (units  of  .sr ')  values  (near  0"  off  specular)  to  Iw  estimated.  For  a 
working  wavelength  of  5  pm  the.se  arc: 


For  debris: 


HRDF  Csr')  -  10  ("level"  10(M))  to  0.10  ("level"  400) 


For  inicroineteoroids: 

HRDF  (sr')  0.7H  ("level"  600)  to  I.O  x  10'  ("level"  100) 

F'or  the  FARTH  tlireciion.  liowevcr,  the  corre.siiomling  crater  size  is  about  2.10  )im  (level  "2.S0") 
widi  a  slesv  to  level  ".10"  for  10  pm  craters,  and  applies  only  to  micrometeoroids  (since  Ke.ssler’s 
motlel  does  luil  allow  impacts  on  the  Harth-facing  surface).  At  .1  )im  wavelength  the 
corresponding  scatter  is: 

i'or  micrometeoroids: 

HRDF  O  X  X  10  '  ("level"  2.10)  to  .FI  x  10'’  ("level"  .10) 

('leaiiy,  the  RAM  surface  suffers  from  far  more  .scatter  than  tioes  the.  HARTFl  surface, 


.Scrutiny  of  Young’s  data  reveals  that  his  results  can  lx*  tipproximately  fitted  by: 
HRDF  -  2..1  X  10"  X  (ievcl)^  /  V 
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for  near-specular  scatter,  with  the  wavelength  (X.)  in  microns.  Note  the  rapid  escalation  in  the 
scatter  as  the  "level"  increases. 


6.2.2.2  Altcrnutivc  Analytic  Approach 

An  alternative  approach  to  estimating  the  .scatter  is  as  follows.  The  fundamental 
relationship  for  scatter  from  craters  (assumed  the  .same  as  from  spheres)  is: 

HKni-  =  X  I)'  X  N  /  1()X^ 

where  D  is  the  crater  diameter,  N  is  the  inimlx:r  of  craters  per  unit  area,  and  X  is  the  operating 
wavelength.  IJy  first  dilTercntiating  tlic  function  de.scribing  the  cumulative  impact  rate  (j)er  area), 
ntultiplying  by  I)',  and  re-integrating,  we  obtain  the  BRDb'  for  the  overall  distribution. 

Since  both  the  micromcteoroiil  and  debris  cumulative  impacts  oixty  the  form,  cumulative 
mimlxtr  =  D",  the  result  is; 

BRni'  -  k'  X  (n/(4-n))  x  k'  x  C’N„.,„,  x  l)„J  /  IbX  ' 

where  n  is  the  power  iiulex  de.scribing  the  cumulative  numlKr  of  impacts  versus  [rarticle  size  (in 
the  neighborhood  of  the  value  of  k  is  tiie  ratio  of  crater  diameter  to  particle  iliameter  (D), 
CN  is  the  predicted  cumulative  hit  rate,  and  X.  is  the  wavelength. 

The  above  equation  involves  the  quantity  which  is  the  largest  particle  diameter  to 
Ire  used  in  the  calculation.  To  ilctermiiie  the  latter,  the  following  logic  is  applied:  if  there  is  less 
than  one  (1)  impact  on  the  given  optic,  then  there  is  no  longer  a  meaningful  ilefinition  of  N,  the 
areal  impact  density.  Thus,  knowing  the  area  of  the  optic,  the  corresponding  hits  per  .square 
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meter  arc  computed.  Rcferriiig  to  the  predicted  cumulative  impact  data  versus  paiticlc  size,  the 
value  of  D,„„  is  determined. 

As  an  example,  consider  an  optic  of  area  1(K)  cm^  1-or  one  crater,  there  is  an  areal 
density  of  100  per  m^  (or  0.01  per  cm^  ).  thus,  this  defines  !mr  debris,  n  =  2.5  and  k  - 

7.0  (for  the  RAM  surface).  Reference  to  the  particle  plots  of  impacts  on  the  RAM  surface  for 
the  1000  km,  00"  orbit,  gives  the  value  D,„„  =  70  pm  for  d('''ris.  b'or  micrometeoroids,  n  =  3.0 
uiui  k  -  3.S,  leading  to  1),,,^,  =  70  pm  tilso. 

Sub.stituting  into  the  equation  for  scatter  (at  5  }im  witvclenglh),  we  obtain: 

I'or  debris; 


HRDl-  -  0.24 


I'or  micrometcoroids; 


HRDb  0,037 

I’or  the  I'.ARIII  looking  surface,  wc  have  n  2.7,  k  --  3,25,  and  ■  25  pm,  anii  only 
micrometcoroids  apply.  Thus,  wc  obtain  (for  5  pm  wavelength): 

HRDb  -  2.2  X  10" 

'Phus,  once  more,  the  scatter  for  the  RAM  surface  is  much  greater  than  for  the  I'ARTIl  surface. 


Although  none  ot  the  above  rpmtes  lor  setuter  can  be  considered  precise,  it  is  .seen  thiit 
both  approaclies  yieki  similar  values  (especially  if  the  larger  "level"  ijuotes  arc  used),  and  both 


6.2,  Analysis  of  Crater  Effects  on  Optics 


calculatiotiul  mctliod.s  .suggest  the  scatter  for  tlic  RAM  surface  is  enormous  compared  to  that  for 
the  EARTH  looking  surface. 


6.2.2.3  Mie  Scatter  Culculutiun.s 

'I’lic  most  accurate  iircK'cdiire  I'or  calculating  optical  scatter  is  to  use  the  Mic  .scatter  theory. 
Mie  .scatter  logic  has  lx;cn  incorporated  recently  into  the  SIM-INV  environmental  code  to 
automatically  integrate  over  the  impactor/crater  size  distributions.  The  iletuilcti  analysis  makes 
use  of  studies  done  by  Lowell  David  Lamb  (Ref.  LS)  at  the  University  of  Arizona,  whose  I’b.D. 
thesis  camcerns  IR  .scattering  for  small  |)arlicle.s  on  substrates.  The  Mic  calculations  incorporate 
the  optical  constants  foi'  the  material  and.  thus,  caii  lumdlc  lH)th  highly  renectivc  and  poorly 
reflective  coinlitions.  The  results  of  the  calculations  give  values  (h'  HRDL  versus  off-specuhtr 
angle,  with  peak  nRDI'  values  close  to  tho.se  esiimaterl  by  the  earlier  meiiunls  fur  highly 
reflective  surfaces.  The  HRDL'  liata  can  l>e  integratcii  over  the  2n  .solid  aitgle  to  give  the 
corresponding  total  integratcii  scatter  (TI.S). 


6.2.2.4  Total  Iiitergiated  .Scalier  versus 

The  Mic  scatter  data  of  Young  gives  BRDI'  as  a  function  of  off  specular  angle. 
Inspection  of  the.se  data  icvcals  that  the  HRDL'  ra|hdly  decreases  over  the  range  of  0  to  lO",  and 
then  follows  a  pseudo-exponentitd  law  for  larger  angles.  To  ti  reasonable  appro.simation,  the  data 
for  large  angles  (>  20”)  are  given  by: 

HRDL'  -  5.4  X  10  x  (level)'  x  expLX.Ol  x  10 '  x  degrees)  /  X' 

By  integrating  Young’s  data  for  HRDL'  versus  off-specular  atigle  over  a  2ji  solid  angle,  the  TIS 
can  tx.‘  obtained.  A  simple  graphical  integration  gives: 
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I’IS  2.2  X  10  '  X  BRDF(0°).  or  TIS  =  5.5  x  1()  ‘'  x  (level)'  /  X' 

with  X  in  microns.  Note  that  for  BRDF  (()”)  >  45.5,  this  implies  that  the  total  scatter  is  greater 
than  the  input,  which  is  obviously  nonsen.sc.  The  conclusion  i;;  that  for  the  larger  degrees  of 
.scatter,  the  BRDI'  versus  angle  data  must  change  its  form,  versus  the  lower  cases  (Young  only 
presented  data  for  contamination  levels  of  5(K)  and  below),  Indeed.  Mie  scatter  calculations  show 
that  as  the  craters  (or  particles)  Ikcouic  larger,  the  .scatter  Incomes  cver-more  forward  scattered 
into  .small  angles.  Thus,  the  small-angle  peak  BRDI'  values  increase  faster  than  the  "wings"  of 
large  angle  .scatter.  C'onsequently,  the  FIS  slowly  asymptotes  towards  unity  for  very  bad  scatter, 
while  the  peak  BRDb  continuously  increa.ses.  Thus,  extrapolation  of  Young's  data  Ixjcomes 
suspect  for  large  degrees  of  .scatter,  ('learly.  the  estimates  of  scatter  for  the  RAM  surface,  quoted 
above,  are  within  this  uncertain  region.  Figures  6-24  and  6-25  illustrate  the  relationship  IxMween 
TI.S  and  peak  BRDI'  for  both  moderate  and  large  ca.ses  of  .scatter,  as  obtained  from  Mie-SlMiNV 
code  for  space  impacts.  ThS  is  linear  with  BRDF',  for  the  moderate  case,  but  is  nonlinear  for 
liirge.  veattcr.  The  pro|iortionality  is  almost  iilentical  to  that  deduced  from  the  data  of  Young  (i.e., 
TI.S  2.1  X  10'  X  peak  BRDF)  for  the  small  scatter  ease. 

All  of  the  above  presup|)o.ses  that  the  optic  lx,'haves  as  if  a  metallic  mirror  with  simple 
hemispherical  craters.  In  reality,  many  mirrors  (or  len.ses)  are  made  ol  dielectrics  and  employ 
multiple  thin  layers  (iinariei wave  ojuieal  phasing  logic).  These  materials  are  usually  brittle. 
Upon  hyiiervelociiy  impact,  the  damage  consists  of  irregular  craters  with  conchoidal  surfaces, 
surrouiuted  by  star-cracks  which  can  extend  up  to  about  100  times  the  size  of  the  impacting 
particle.  To  assess  the  optical  sctitter  for  thc.se  conditions  it  will  be  necessary  to  invoke  the 
theory  of  dielectric  needles  as  done  by  Van  de  llul.st  (Ref.  16).  Present  analysis  indicates  that 
tlie  cracks  represent  only  a  .small  total  area  compared  to  uie  craters  and  surface  spalls.  F'urther, 
narrow  cracks  are  inefficient  scattering  sites.  lienee  the  preliminary  eoiichision  is  that  the  craters 
and  surface  spalls  dominate  the  optical  scatter. 
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6.2.2.S  (jcncrul  Cunimonts  on  Scuttering  Frcdictions/Mcusurcnionts 

Thus  fur,  all  the  analyses  have  presupposed  that  pscudo-hciiiispherical  craters  in  an  optical 
surface  scatter  light  in  a  similar  manner  to  that  for  spherical  particles  on  the  surface,  While  Mic 
scatter  theor/  is  exact  for  spherical  particles  it  is  very  difficult  to  apply  for  nonsphericul  particles, 
because  of  the  lack  of  symmetry  in  the  boundary  conditions.  Specifically,  the  issue  of 
"equivalence"  l>eiwecn  craters  and  ]iariiclcs  has  not  l)cen  ilemonsirated  and  pre.scntly  remains  a 
first-order  assuinj)tion.  However,  it  is  probably  a  reasonable  assumption.  Measurements  of 
optical  .scatter  arc  notorious  for  their  lack  of  consistency.  Measurements  made  using  independent 
HKDb  orTlS  insirunients  rarely  oliiain  identical  restilis  lor  a  given  sample  measurement,  aiul  the 
disagreements  can  range  from  minor  to  significiint.  These  variations  can  lx.*  a  consequence  of 
differences  in  the  etiiiipment  optica!  iK'am  diameters,  differing  rleieetor  si/.es,  Ixuim  power 
fluctuations,  detecuu'  sensitivity,  etc.  Since  even  measurtments  of  seattei  cait  lx  inconsistent, 
it  is  most  unlik'ly  that  predictions  of  .scatter  ciin  ever  lx  considcrcil  very  accurate.  Kather.  all 
such  predictions  sluniki  lx  viewc<l  as  indicating,  piaibablc  trends. 


'fhe  prediction.s  of  scatter  from  craters  are  in  aiidition  to  any  other  scatter  mechanism, 
whether  due  to  actual  contamination  on  the  surface  or  due  to  surface  morphology  {e.g.,  rms 
roughness).  .Surface  roughness  and/or  small  particle  eoiitaminalioii  usually  gives  wide  large-angle 
"wings"  to  the  HKDI'  data,  whereas  the  larger,  fewer,  craters  tend  to  scatter  nuistly  into  smaller 
angles  close  to  specular  reflection,  liirther,  although  standard  optical  scatter  theory  assumes  that 
HRDl'  is  inversely  proportional  to  the  operational  wavelength  .siiutired,  it  is  known  that  some 
materials  do  not  disjrlay  tliis  b<-havior,  vvith  Ixryllium  mirrors  tx'ing  an  e.sample  (the  observed 
large-angle  .scatter  reduces  much  slower  than  expected  as  the  wavelength  increases  due  to  a 
eomplex,  poorly  iiiulerstood,  interaction  of  the  atiisoiropic  crystal  surface  tnorpliology  and  the 
optical  skin  depth). 

I  aslly,  it  should  lx  emphasi/ed  that  the  present  scatter  preilictions  do  not  accurately 
handle  tl’c  case  of  cratering  in  thin-l..yer  coated  optics.  The  assumption  at  present  is  that  for 
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craters  much  deeper  than  the  layer  stack  thickness  only  the  substrate  properties  should  be 
included  to  predict  scatter.  This  approach  is  incorrect  for  the  many  smaller  craters  with  depths 
comparable  to  the  stack  thicknesses. 


6.2.3  Parametric  Scatter  Calculations 

A  parametric  series  of  peak  BRDF  optical  scatter  predictions  have  been  done  for  a  series 
of  orbits  ranging  from  400  km  to  2000  km  altitude  and  with  inclinations  of  0,  30,  and  60°.  For 
all  these  cases  the  mission  time  periods  ar<*  1996  to  2002,  and  the  assumed  operational 
wavelength  is  5.0  pm  (BRDF  varies  with  the  inverse  square  of  the  wavelength),  and  the  optic  is 
assumed  to  have  an  ai'ea  of  100  cm^.  In  addition,  BRDF  has  been  computed  for  the  specific  case 
of  LDEF.  Figure  6-26  shows  the  results  for  LDEF.  The  data  are  given  for  the  micrometeoroids 
and  debris  independently  and  are  plotted  as  a  function  of  the  angular  position  from  RAM  (0°) 
in  the  plane  parallel  to  the  Earth's  surface  (i.e.,  RAM,  SIDES,  and  TRAIL).  On  the  left  vertical 
axis  are  also  plotted  the  scatter  for  the  SPACE  and  EARTH  facing  suifaces.  In  all  cases  each 
surface  was  assumed  to  have  a  full  27c  view  for  impacts  (i.e.,  no  local  telescope  tube  shielding). 

For  LDEF  the  predictions  show  that  the  micrometeoroids  contribute  the  most  to  the 
overall  scatter.  The  data  also  clearly  indicate  die  very  small  degree  of  optical  scatter  for  the 
EARTH  looking  surface.  The  scatter  value  for  the  SPACE  looking  surface  is  about  4.2x10'^  (per 
steradian).  The  data  demonstrate  that  for  angles  greater  than  about  +/-35°  from  RAM  the  scatter 
is  always  less  than  for  the  SPACE  end,  while  for  angles  less  than  this  the  scatter  is  worse  for  the 
near-RAM  surfaces  and  peaks  on  that  surface  with  a  value  of  about  7.8x10'^. 

Data  were  recently  presented  at  the  LDEF  2'"'  Symposium  (San  Diego,  CA)  by  Linda 
Dehainaut  (Ref.  17)  of  BRDF  measurements  on  bare  fused  silica  samples.  The  observed  values 
ranged  from  2.45x10'^  to  about  3.85x10'^  (near  the  impact  sites) ,  with  a  mean  value  of  about  10^. 
These  values  are  comparable  to  the  peak  ones  computed  for  LDEF  given  here,  if  the  low 
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reflectivity  of  fused  silica  is  taken  into  account.  The  exact  optical  scatter  behavior  of  craters  in 
fused  silica  is  not  yet  fully  understood.  The  predictions  essentially  assume  craters  in  a  metallic 
reflector,  whereas  fused  silica  has  only  about  4  percent  reflectivity,  and  the  scatter  should  scale 
with  the  reflectivity,  all  other  factors  equal.  For  example,  if  the  sample  had  a  coefficient  of 
refraction  of  1.0  (i.e.,  it  wasn’t  an  optic)  then  scatter  would  be  totally  independent  of  surface 
morphology,  and  obviously  also  0. 

Figures  6-27  through  6-38  show  the  predictions  as  functions  of  altitude  and  inclination 
for  nonshielded  optics.  As  the  altitude  increases,  the  debris  scatter  increases  rapidly  up  to  the 
800  -1000  km  range  (where  debris  dominates  toward  the  RAM),  and  then  gradually  decreases 
for  higher  altitudes.  However,  there  is  a  local  peak  in  the  debris  at  about  1500  km.  The  debris- 
induced  scatter  is  always  worse  for  the  higher  iiiclinations.  The  scatter  due  to  micrometeoroids 
is  independent  of  orbit  inclination  and  slowly  increases  with  altitude  (below  2000  km).  The 
SPACE  surface  suffers  from  a  constant  degree  of  scattering  independent  of  both  inclination  and 
altitude.  There  is  a  very  large  range  of  predicted  peak  BRDF  values,  from  a  high  of  0.56  (800 
km,  60°,  RAM)  to  a  low  of  0.072  (400  km,  0°,  RAM). 

Figures  6-39  through  6-41  show  the  predictions  for  some  options  which  include  telescope 
shrouds,  for  the  cases  of  30,  60  and  80°  of  "exclusion  angle"  for  an  orbit  at  1600  km  and  60° 
inclination.  The  "exclusion  angle"  is  the  angle  measured  from  the  surface  of  the  optic  which 
prevents  direct  impacts  on  the  optic  due  to  the  telescope  wall. 

For  a  circular  optic  of  100  cm^,  the  diameter  is  1 1.28  cm  (4.44  inch).  Thus,  for  exclusion 
angles  of  30,  60,  and  80°  the  telescope  wall  must  have  a  length  of  6.51,  19.54,  and  64  cm, 
respectively. 

Note  the  odd  trend  of  the  data  as  the  exclusion  angle  increases.  While  the 
micrometeoroid-induced  scatter  merely  decreases  monotonically  versus  this  angle,  the  debris- 
induced  scatter  is  observed  to  drop  rapidly  for  the  RAM  and  to  display  a  local  peak  at  about  20° 
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off-RAM.  The  explanation  for  this  behavior  lies  in  the  "butterfly"  plois  for  the  polar  diagram 
of  debris  flux  versus  the  spacecraft  velocity  vector.  The  Kessler  model  predicts  that  the  debris 
approaches  the  RAM  surface  in  the  form  of  two  off-RAM  lobes.  When  the  exclusion  angle  is 
small  (i.e.,  we  have  2n  viewing),  the  impacts  on  the  surface  involve  an  integral  over  both  the 
lobes.  However,  when  this  angle  is  large  (viewing  angle  small)  the  telescope  effectively 
differentiates  the  lobes.  Thus,  the  "hole"  in  the  RAM  direction  reveals  itself,  and  the  peak  scatter 
corresponds  to  the  optic  looking  directly  into  one  of  the  lobes. 

As  can  be  seen,  the  use  of  telescope  shrouding  can  dramatically  reduce  the  scatter 
predictions  provided  a  sufficiently  large  exclusion  angle  is  involved.  For  a  30°  exclusion  angle, 
the  RAM  BRDF  is  only  reduced  from  0.24  to  0.20:  for  a  60°  exclusion  angle  the  reduction  is 
from  0.24  to  0.013;  while  for  an  80°  exclusion  angle  the  redaction  is  from  0.24  to  9xl0‘*  (at  20° 
off-RAM),  all  for  the  same  orbit  of  600  km  altitude  and  60°  inclination.  However,  the  use  of 
a  large  exclusion  angle  implies  a  reduced  field  of  regard  for  the  optic.  Hence  to  overcome  the 
latter  it  would  be  necessary  to  maneuver  the  entire  telescope  tube.  Systems  which  rely  on  pan-tilt 
mirrors  cannot  use  large  exclusion  angles,  else  the  field  of  view  would  include  looking  "at"  the 
telescope  tube  itself. 

The  use  of  "exclusion  angles"  in  this  manner  addresses  only  the  case  of  direct  impacts 
on  an  optic.  However,  it  is  possible  to  have  indirect  hits.  For  example,  an  impactor  could  hit 
the  inside  of  the  telescope  tube  (including  a  baffle)  and  cause  secondary  ejecta  to  hit  the  optic. 
Likewise,  for  a  thin-walled  tube  an  impactor  could  completely  perforate  the  wall  and  again 
generate  ejecta.  If  the  "target"  material  is  one  which  produces  copious  secondary  debris  (e.g., 
Mai'tin  Black  is  notorious  for  this  effect,  releasing  many  micron-sized  surface  particles  when 
subject  to  mechanical  shock)  then  it  is  po.ssible  for  this  debris  to  again  cause  at  least  a 
contamination  problem  on  the  optic  (this  debris  is  mostly  of  low  velocity  and  thus  unlikely  to 
cause  much  in  the  way  of  actual  crater  damage).  However,  most  targets  do  not  produce  such 
debris;  rather  they  merely  throw  off  material  in  the  "normal"  manner  of  impact  cratering.  In  the 
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latter  case  the  resulting  blow-off  is  usually  of  smaller  sizes  than  the  original  impactor,  although 
the  total  mass  is  larger  than  the  impactor. 

The  previously  used  logic  for  optical  scatter  indicates  that  scatter  increases  with  the  fourth 
(4“*)  power  of  the  particle  diameter.  Thus,  for  a  given  mass,  the  scatter  will  be  low  provided  the 
mean  particle  size  is  much  smaller  than  the  original  impactor.  This  follows  immediately  from: 

BRDF  =  constant  x  N  x  O'*,  and  M  =  constant  x  N  x 

Thus, 

BRDF  =  constant  x 

where  M  is  the  total  mass  and  N  is  the  number  of  particles.  Hence  for  a  given  mass  of  blow-off 
the  scatter  decreases  as  the  number  of  individual  particles  involved  increases.  Thus,  under  most 
circumstances,  it  is  anticipated  that  secondary  ejecta  optical  scattering  is  less  important  than  that 
due  to  the  (initial)  direct  impacts. 

6.3  CONCLUSIONS  FOR  M&D  IMPACT  EFFECTS  ON  01  iC 

The  present  conclusions  are  that  the  major  effect  of  M&D  impacts  on  optics  is  to  produce 
an  increase  in  scatter,  but  only  minor  changes  in  reflectivity  and/or  U'ansmission.  The  scatter 
increases  as  the  impact  crater  sizes  increase  and  as  the  areal  density  of  impacts  increases.  The 
effect  is  nonlinear  with  the  size  of  the  optic.  The  larger  the  optic  the  more  likely  a  large  crater 
will  occur  resulting  in  more  induced  scatter  for  the  large  optic.  Also  the  increase  in  scatter  is 
nonlinear  with  mission  time.  As  time  increases,  the  probability  of  an  impact  by  a  larger  panicle 
also  increases,  which  causes  the  optical  scatter  to  increase  in  a  supralinear  manner.  The  scatter 
is  dominated  by  crater  formation  rather  than  by  crack  generation.  Soft  targets  (e.g.,  metals  and 
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plastics)  will  produce  the  largest  craters.  Hard  targets  (glasses  and  ceramics)  produce  smaller 
pure  craters;  however,  these  craters  are  frequently  surrounded  by  larger  surface  spalls  giving  the 
effect  of  larger  shallow  craters.  Multilayer  optics  can  also  suffer  from  delamination  effects 
around  the  impact  sites,  which  produce  large  local  changes  in  reflectivity  or  U'ansmission  and 
scatter. 


The  degree  of  scatter  depends  on  the  orbit  (altitude,  inclination  and  time)  and  on  tlie 
pointing  direction.  RAM  is  usually  the  worst  direction  to  point  while  EARTH  is  usually  the  be.st 
(safest)  direction. 

The  use  of  telescope  shrouding  can  significantly  reduce  the  scatter  provided  the  angle  for 
entry  of  particles  is  small.  This  is  at  the  expense  of  the  optical  field  of  regard. 


Experiments  have  been  performed  (Ref.  18)  to  compaic  impact  damage  in  optics  with  the 
induced  scatter.  The.se  data  are  being  compared  with  both  theory  and  the  results  from  LDEF. 
The  HYPER  plasma-drag  gun  was  used  at  Auburn  University,  Alabama,  to  throw  particles  at 
various  optics.  Optical  scatter  measurements  also  are  being  performed.  Three  types  of  samples 
(1  inch  diameter)  were  used:  aluminum  (2000  A)  coated  fused  silica,  Si3N4 
(600  A)  coated  aluminum,  and  a  15-layer  quarter-wave  (tuned  to  1.06  pm)  stack  of  alternating 
Si3N4  and  SiOj  layers  on  a  fused  silica  sub.strate.  The  impactors  were  olivine  and  alumina  of 
sizes  50  -  100  pm  diameter,  and  the  impact  speeds  were  in  the  range  of  8  -  12  km/s.  On 
average,  there  were  about  10  impacts  per  sample. 


Control  samples  were  placed  in  the  HYPER  facility,  but  without  firing  any  particles,  to 
check  for  overall  background  contamination.  Pre-  versus  post-test  measurements  of  TIS  indicated 
no  large  contamination  problems  (e.g.,  at  levels  of  TIS  <  0.01).  For  the  impacted  samples  the 
increase  in  TIS  was  .significant,  increasing  by  factors  of  lOx  to  lOOx.  Post-test  analysis  of 
specific  samples  using  the  Mie-SPENV  code  for  the  known  craters  (numbers  and  sizes)  gave 
predictions  within  factors  of  about  5  those  measured.  This  work  is  ongoing  and  will  be 
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completed  by  the  end  of  1993.  Comparisons  with  the  LDEF  data  are  still  in  progress,  and  will 
be  completed  as  pan  of  this  work. 
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Inclination  —  28.5  degree 


Figure  6-3;  Kessler  f(v)  Function  (28.5°) 
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Figure  6-4:  Kessler  f(v)  Function  (60°) 
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CRATERS  VERSUS  IMPACTS 


•  LDEF  Data  Mostly  Craters  or  Perforations 

•  Data  in  Form  of  Cumulative  Craters  for  ^d, 

•  To  Convert  Craters  to  Impacts  Need  ^ 

•  Simple  Law  Used  ^ 

where  p,  =  particle  density 
p,  =  s/c  target  density 
V  =  collision  speed 
k  =  normalized  to  Al/Al  impacts 

.  ^  is  Orientation  Dependent 


•  For  Perforations  is  -  1  for  thin  foils 


Figure  6-5:  Craters  Versus  Impacts 


VELOCITY  DISTRIBUTIONS  OF  METEOROIDS  AT 
400  km  ALTITUDE  ON  BOTH  A  STATIONARY 
AND  AN  ORBITING  SPACECRAFT  (USING  A 
MODIFIED  ERICKSON  VELOCITY  DISTRIBUTION) 


-  ON  A  STATIONARY  S/C 

V  =  16.r  km/s 

- ON  AN  ORBITING  S/C 

V  =  19.0  km/s 


S  10  15  20  25  30  3S  40  45 

VELOCITY  (kni/s) 

Figure  6-6:  Velocity  Distributions  of  Meteoroids 


6-32 


6-33 


6,  Figures 


90* 


Figure  6-9;  Ratio  Crater/Particle  Diameter  vs  Angle  from  RAM  for  Micromfeteoroids 


Comparison  of  LDEF  Data  to  Model  Predictions 
352  Degrees  From  Ram  Direction:  5.75  Years  Exposure 
Impacts  On  Aluminum  Surface 
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Figure  6-10:  Comparison  of  crater  diameters  to  number  of  craters  per  square  meter. 
Data  collected  from  the  LDEF  intercostals  and  rows.  352  Degrees  from  RAM  Direction 
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Figure  6-11;  Comparison  of  crater  diameters  to  number  of  craters  per  square  meter. 
Data  collected  from  the  LDEF  intercostals  and  rows.  262  Degrees  from  RAM  Direction 
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Figure  6-12:  Comparison  of  crater  diameters  to  number  of  craters  per  square  meter. 
Data  collected  from  the  LDEF  intercostals  and  rows.  172  Degrees  from  RAM  Direction 
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Comparison  of  LDEF  Data  to  Model  Predictions 
82  Degrees  From  Ram  Direction:  5.75  Years  Exposure 
Impacts  On  Aluminum  Surface 
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Figure  6-13;  Comparison  of  crater  diameters  to  number  of  craters  per  square  meter. 
Data  collected  from  the  LDEF  intercostals  and  rows.  82  Degrees  from  RAM  Direction 


Figure  6-14;  Coordinate  system  for  standard  satellite  directions 
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Angle  from  RAM  direction  in  (X/Y  Plane) 

Figure  6-15:  Apparent  Impact  Velocity  of  Elliptic  orbits  with  a  Circular  orbit  at  475  Km 
Inclined  at  28.5°  Maximum  angle  of  hits  in  circular  orbit:  51.375. 


Angle  from  RAM  direction  in  (X/Y  Plane) 

Figure  6-16:  Y-Component  of  Impact  Velocity  of  Elliptic  orbits  with  a  Circular  orbit  at  47? 
Km  Inclined  at  28.5°  Maximum  angle  of  hits  in  circular  orbit:  51.375. 
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Angle  from  RAM  direction  in  (X/Y  Plane) 

Figure  6-17:  X-Component  of  Impact  Velocity  of  Elliptic  orbits  with  a  Circular  orbit  at  475 
Km  Inclined  at  28.5°  Maximum  angle  of  hits  in  circular  orbit:  51.375. 


Angle  from  RAM  direction  in  (X/Y  Plane) 


Figure  6-18:  Z-Component  of  Impact  Velocity  of  Elliptic  orbits  with  a  Circular  orbit  at  475 
Km  Inclined  at  28.5°  Maximum  angle  of  hits  in  circular  orbit:  51.375. 
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Angle  from  RAM  direction  in  (X/Y  Plane) 

Figure  6-20:  Y-Component  of  Impact  Velocity  of  Elliptic  orbits  with  a  Circular  orbit  at  1600 
Km  Inclined  at  60°  Maximum  angle  of  hits  in  circular  orbit:  1 10.8. 
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Sphere  =  Crater  Diam  (cm) 


Figure  6-23;  Definition  of  Mil-Std  1246A 
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Figure  6-25;  Total  Integrated  Scatter  vs  BRDF 


0  20  40  60  80  100  120  140  160  180 


Angle  from  Ram 

Figure  6-26:  Variation  in  BRDF  with  Angle  from  RAM  LDEF 
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Figure  6-30:  Variation  in  BRDF  with  Angle  from  RAM  at  800km  (0°  -  Inclination) 


Figure  6-31:  Variation  in  BRDF  with  Angle  from  RAM  at  800km  (30°  -  Inclination) 


Figure  6-32:  Variation  in  BRDF  with  Angle  from  RAM  at  800km  (60°  -  Inclination) 
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Figure  6-36;  Variation  in  BRDF  with  Angle  from  RAM  at  1600km  (0°  -  Inclination) 
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Figure  6-37:  Variation  in  BRDF  with  Angle  from  RAM  at  1600km  (30°  -  Inclination) 
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Figure  6-38:  Variation  in  BRDF  with  Angle  from  RAM  at  1600km  (60°  -  Inclination) 
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Figure  6-39:  Variation  in  BRDF  with  Angle  from  RAM  at  1600km  and  60°  Inclination 
(30°  Telescope  Exclusion  Angle) 


Figure  6-40;  Variation  in  BRDF  with  Angle  from  RAM  at  1600krn  and  60°  Inclination 
(60°  Telescope  Exclusion  Angle) 
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Figure  6-41:  Variation  in  BRDF  with  Angle  from  RAM  at  1600km  and  60°  Inclination 
(80°  Telescope  Exclusion  Angie) 
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CHAPTER  7 

SPACE  EFFECTS  ON  FIBER  OPTIC  SYSTEMS  AND 
COMPONENTS  ORBITED  ON  THE  LDEF 


With  the  rapid  development  of  photonics  technology  devices  during  the  past  few 
decades  and  a  plethora  of  lightwave  systems  emerging,  certain  fundamental  issues  remain 
regarding  the  applicability  of  the  technology  to  the  rigors  of  the  space  environment.  Some 
facets  of  photonic  technologies  have  recently  been  successfully  demonstrated  in  space.  For 
example,  the  first  demonstration  of  the  capability  of  active  FO  systems  to  operate  in  a 
prolonged  space  orbit  was  achieved  with  the  Phillips  Laboratory  Fiber  Optics  Space 
Demonstration,  Experiment  #701  "Space  Environment  Effects  on  Fiber  Optic  Systems." 
Deliberate  and  prolonged  orbital  exposure  of  the  experiment’s  four  operating  fiber  optic  data 
transmission  systems  aboard  NASA’s  Long  Duration  Exposure  Facility  (LDEF)  proved 
conclusively  that  early  1980’s  era  fiber  optic  systems  could  successfully  withstand  adverse 
space  environmental  effects.  These  effects  included  wide  and  frequent  temperature  cycling, 
AO  scavenging,  exposure  to  UV  radiation,  micrometeorite  and  debris  impactors,  and  space 
radiation  doses  ranging  to  25  krad  (Si).  Figure  7-10  shows  the  condition  of  the  experiment 
shortly  after  LDEF  recovery. 

Recovered  by  the  shuttle  Columbia  in  December  1990,  the  optical  fiber  systems  aboard 
PL  Exp  #701  continue  to  function  to  this  date.  Future  space  demonstrations  of  fiber  and 
other  photonic  technologies  will  be  concerned  with  incorporating  much  of  the  knowledge 
learned  from  this  key  experiment’s  active  and  passive  fiber  optic  technologies.  The  content 
cf  this  chapter  will  briefly  summarize  the  lessons  learned  and  data  gathered  from  PL 
Exp  #701  and  other  LDEF-orbited  experiments  conducted  by:  Georgia  Tech  Research 
Institute;  Jet  Propulsion  Laboratory;  the  Boeing  Co.;  and  other  DoD  organizations. 

Information  regarding  the  results  of  analyses  of  Experiment  AO  138-7,  "Optical  Fibers  and 
Components,"  has  not  been  made  available.  For  completeness,  this  experiment  by 
CERT/ONERA-DERTS  has  been  included  in  Table  7-1,  but  not  discussed  within  this  chapter. 
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Throughout  this  handbook,  reference  is  made  to  the  various  space-induced  adverse 
environments,  including  temperature  and  radiation  effects.  Valuable  detail  can  be  found  in 
Chapters  3  through  5  regarding  solar-induced  effects,  AO  effects,  and  micrometeorite  and 
debris  impactor  phenomena.  The  optical  fiber  systems  and  components  aboard  the  LDEF 
experienced  a  wide  variety  of  space  environmental  effects  because  of  their  different  locations 
and  shielding  geometries.  Table  7-1  briefly  summaiizes  some  of  the  measurements  achieved 
in  the  FO  experiments.  While  this  table  is  rather  brief,  it  illustrates  that  the  early 
demonstration  of  fiber  optic  systems,  subsystems,  and  components  in  prolonged  LEO  were 
divided  into  several  categories  regarding  operational  parameters  and  space  exposure 
geometries.  These  included  active  systems  (M0004  and  M0003-8)  and  passive  sy^^f'^ms  and 
components  (M0004,  S0109,  S0050,  M0006  and  A0138-7).  Not  all  of  the  expen  ,ts  nor  all 
of  the  experimental  components  were  space  exposed.  For  example,  only  the  active  cabled  FO 
links  were  space-exposed  on  the  M0004  Experiment,  while  the  light  emitting  diodes  (LEDs), 
PIN  photo  diodes  (PINs),  and  connectors  used  to  power  the  experiment  were  contained  within 
the  shielded  tray  volume.  Similarly,  Experiment  S0109  contained  no  sources  or  detectors  to 
actively  drive  the  space  exposed  cabled  optical  fibers  of  this  experiment.  A  second  active 
experiment  (M0003-8)  by  the  Boeing  Co.  studied  single  and  multi-contact  connectors,  but  was 
not  space-exposed  since  the  experiment  was  shielded  from  the  direct  space  environment. 

Only  a  few  of  the  many  passive  components  contained  on  Experiment  50050  were  directly 
exposed  to  the  space  environment,  while  on  Experiment  M0006,  a  bundle  of  1800  passive 
optical  fibers  was  space-exposed  over  a  period  of  approximately  1 1  months. 
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7.1  EXPERIMENTAL  CONFIGURATIONS  AND  FIBER  OPTIC  SYSTEMS 
AND  COMPONENT  EXPOSURES  TO  THE  SPACE  ENVIRONMENT 

7.1.1  PL  Experiment  #701  (M0004)  -  Space  Environmental  Effects  on  Fiber  Optic 

Systems 

The  discussion  of  PL  EXP  #70rs  performance  aboard  the  LDEF  mission  is  perhaps  the 
most  complete  knowledge  to  date  of  the  space  performance  of  several  types  of  different 
optical  fibers  in  an  operational  system  configuration.  As  an  example  of  the  FO  technologies 
studied  aboard  LDEF,  the  data  resulting  from  this  active  experiment  will  be  highlighted. 

PL  Exp  #701  was  designed  as  a  feasibility  demonstration  for  FO  technology  in  space 
applications,  and  to  study  the  performance  of  operating  fiber  systems  exposed  to  space 
environmental  factors  such  as  galactic  radiation  and  wide  temperature  cycling.  Four  active 
digital  FO  links  were  directly  exposed  to  the  space  environment  for  a  period  of  2,114  days. 
The  links  were  situated  aboard  the  LDEF  with  the  cabled,  single  fiber  windings  atop  an 
experimental  tray  containing  instrumentation  for  exercising  the  experiment  while  in  orbit. 
Despite  the  unplanned  and  prolonged  exposure  to  trapped  and  galactic  radiation,  wide 
temperature  extremes,  AO  interactions,  and  micrometeorite  and  debris  impacts,  in  most 
instances,  the  optical  data  links  performed  well  within  the  experimental  limits.  Analysis  of 
the  recorded  orbital  data  clearly  indicates  that  fiber  optic  applications  in  space  will  meet  with 
success.  Tests  and  analysis  of  the  experiment  at  the  PL’s  Photonics  Research  Group  are 
continuing.  This  is  the  first  known  and  extensive  database  of  active  FO  link  perfonnance 
during  prolonged  space  exposure.  PL  Exp  #701  is  widely  acknowledged  as  a  benchmark 
accomplishment  that  clearly  demonstrates,  for  the  first  time,  that  FO  technology  can  be 
successfully  used  in  a  variety  of  space  applications. 
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the  Space  Environment 

7.1. 1.1.  Optical  Transmission  Measurements 

Following  orbital  deployment  by  the  shuttle  Challenger,  the  experiment  was  activated 
and  performed  the  first  of  its  scheduled  76  optical  data  transmission  measurements  (Refs.  1, 
2,  and  3)  for  the  planned  year  in  orbit.  Thirty  measurements  were  performed  in  the  first 
6  months  at  intervals  of  6  days,  while  the  remaining  46  measurements  were  performed  at  4- 
day  intervals  over  the  second  half  of  the  year.  Shown  in  Figure  7-1  is  a  block  diagram  of 
measurement  circuitry.  Figure  7-2  illustrates  a  portion  of  the  electronic/optoelectronic  layout. 

Two  basic  tests  were  conducted  on  each  space  exposed  FO  link  by  the  circuitry  as 
represented  in  Figure  7-1  .  The  first  of  these  tests  was  designed  to  measure  the  signal 
strength  and.  hence,  Signal-to-Noise  Ratio  (SNR),  of  each  digital  FO  link.  This  test  is 
referred  to  as  a  "Burst  Error  Run."  A  10-bit  pseudo-random  generator  was  used  to  generate  a 
digital  stream  of  "data"  for  the  measurements.  The  receivers  were  AC  coupled  and  the  data 
were  bipolar',  non-return-to-zero  (NRZ)  format.  The  experiment  used  a  model  developed  by 
Gilbert  (Ref.  4)  to  examine  the  bit  stream  for  errors. 

In  the  SNR  measurements,  the  voltage  from  the  optical  receivers  was  compared  to  a 
"threshold  voltage."  A  high-speed  comparator  used  this  threshold  voltage  to  decide  if  the 
signal  from  the  optical  receivers  was  a  logical  "1"  or  a  logical  "0."  Initially,  the  error 
counters  were  cleared,  the  threshold  was  set  to  zero  volts,  and  a  "packet"  of  130,944  bits  was 
passed  through  the  FO  link.  The  data  stream  from  the  optical  receivers  were  compared  to  a 
reference  signal  from  the  pseudo-random  generator.  If  there  were  less  than  128  independent 
(Type  I  in  the  Gilbert  model)  enors  in  the  data  passed  through  the  FO  link,  the  experiments 
incremented  the  threshold  voltage  by  1 .25  mV.  The  error  counters  were  subsequently  reset  to 
zero,  and  another  packet  of  1 30,944  bits  was  passed  through  the  link,  and  error  measurements 
were  made  again.  This  process  continued  until  at  least  128  independent  errors  were  detected 
in  a  packet  of  130,944  bits.  At  that  point,  the  experiment  recorded  into  RAM  the  values  of 
the  error  counters  and  the  number  of  times  that  the  threshold  voltage  was  incremented.  The 
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experiment  then  conducted  the  SNR  measurements  on  the  next  link  in  the  sequence,  until  all 
four  links  had  been  examined. 

Following  the  SNR  measurements,  the  experiment  began  the  burst  error  runs.  In  this 
mode,  the  threshold  voltage  at  the  comparator  was  held  constant  at  0  volts.  Since  the 
receivers  were  AC  coupled,  0  volts  was  the  optimal  threshold  for  the  system.  That  is,  for  any 
given  signal  strength,  0  volts  was  a  threshold  and  would  have  resulted  in  the  fewest  possible 
errors  in  the  data  stream.  The  error  counters  were  reset  to  0  at  the  beginning  of  the  BER  for 
each  FO  link,  but  they  were  not  cleared  between  successive  packets  of  130.944  bits.  With 
zero  volts  as  the  threshold,  a  packet  of  1 30,944  bits  was  passed  through  the  link.  If  less  than 
128  independent  errors  accumulated,  the  experiment  passed  another  130,944-bit  packet 
through  the  FO  link.  The  process  continued  until  either  128  (or  more)  independent  errors 
accumulated,  or  a  total  of  10’ bits  had  been  passed  through  the  link.  When  either  of  these 
conditions  was  met.  the  experiment  recorded  into  RAM  the  values  of  the  error  counters  and 
the  number  of  bit  packets  that  had  been  passed  through  the  link.  The  BER  measurement  was 
then  conducted  on  the  next  FO  link  in  the  sequence,  until  all  four  links  had  been  examined. 

After  the  BER  measurements,  the  experiment  transfeired  the  data  stored  in  RAM  to  the 
Experiment  Power  and  Data  System  (EPDS).  The  EPDS  gave  the  data  a  "time  stamp"  and 
recorded  the  data  to  magnetic  tape.  Both  the  Data  Processor  Control  Assembly  (DPCA)  and 
the  Magnetic  Tape  Memory  (MTM)  units  of  the  EPDS  functioned  properly  during  the  entire 
mission  and  have  continued  to  work  in  post-flight  testing. 


7.1. 1.2.  In  Orbit  Temperature  Cycling  Measurements 

Prior  to  performing  the  SNR  and  BER  measurements,  the  experiment  controller  directed 
the  measurement  of  temperatures  at  eight  thennistor  locations  within  the  experiment  tray 
volume  (Fig.  7-3).  These  temperatures  were  valuable  in  studying  the  optical  fiber 
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performance.  However,  it  must  be  realized  that  the  temperature  measurements  were  made  at 
the  very  beginning  of  the  four  FO  link  perfonnance  runs.  Therefore,  as  much  as  30  minutes 
could  have  elapsed  between  the  temperature  measurements  and  the  last  BER  measurement. 

The  time  stamp  assigned  to  each  experiment  reflected  the  md  of  that  data  taking 
period.  By  examining  the  performance  of  each  link,  it  was  possible  to  detemtine  the  total 
time  elapsed  for  completing  the  entire  experiment  run.  If  a  link  was  greatly  degraded  in 
performance  for  a  particular  run,  then  the  time  required  to  evaluate  the  link  was  significantly 
reduced.  The  experiment  controller  would  then  proceed  to  examine  the  next  link. 

Therefore,  under  this  scenario,  the  maximum  time  required  to  fully  sequence  each  of 
the  four  links  was  less  than  31  minutes,  bringing  the  temperature  measurements  in  time 
proximity  with  the  link  perfonnance  measurements.  Thus,  the  temperature  gradient,  or 
change,  was  minimized  for  the  special  case  where  a  link  was  highly  degraded  in  performance 
and  the  data  run  was  truncated. 

Discerning  the  orbital  beta-angle  (Ref.  5)  during  the  periods  of  experiment  operation 
was  very  important,  since  tlte  tenipefature  variations  can  be  accounted  for  and  correlated  to 
the  on-board  PL  Exp  #701  thennistor  measurements.  Since  the  LDEF  orbital  period  was 
approximately  94  minutes,  the  actual  tray  temperature  may  have  changed  .significantly  during 
many  of  the  data  runs.  For  example,  the  experiment  could  have  passed  from  the  daytime 
space  exposure  condition  to  the  daytime  sun  exposure  condition,  or  vice-versa,  or  other 
variations,  in  the  30-minute  sequencing  interval,  changing  conditions  under  which  the  link 
measurements  were  peiformed. 

Therefore,  the  results  reported  herein  must  be  qualified  due  to  these  possible  transient 
conditions.  An  accounting  and  con’elation  between  LDEF  thermal  data  (Refs.  5  and  6)  and 
the  PL  Exp  #701  thermistor  measured  data  was  performed  and  Figure  7-4  illustrates  a  partial 
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analysis  of  this  situation,  while  Tables  7-2  and  7-3  give  the  typical  temperatures  and 
thermistor  locations  recorded  for  the  inner  tray  volume. 

7.1.1.3.  Brief  Analysis  of  On-Orbit  Recorded  Optical  Fiber  Transmission  Data 

Shown  in  Figures  7-5,  7-6,  7-7,  and  7-8  are  the  performance  data  for  the  four  FO  links 
described  in  Table  7-4.  The  data  indicate  that  links  #3  and  #4  experienced  approximately  1.0 
Db  and  0.2  Db  deviation,  respectively,  in  SNR  measurements  during  the  first  year  in  orbit. 
The  reduction  of  SNR  data  in  links  #1  and  #2  is  also  shown. 

An  example  of  cabling  influence  resulting  in  these  responses  and  on  the  ability  of 
optical  fibers  to  perform  in  space  can  be  seen  in  Figures  7-6  and  7-7.  Here,  two  identical 
plastic-coated  silica  fibers  were  cabled  using  different  technologies  that  were  available  at  the 
time  that  the  experiment  was  designed.  FO  link  #2  used  a  loose-tube  configuration,  which 
theoretically  allowed  a  fiber  encased  by  the  loose  tube  to  experience  a  greater  degree  of 
freedom  than  that  of  a  tightly  wrapped  fiber,  such  as  found  in  FO  link  #3.  TTie  intent  in  the 
loose-tube  configuration  was  to  lessen  micro-  and  macro-bending  losses  induced  by  cabling 
restrictions  or  flexing.  However,  the  data  indicated  the  conformal  fiber  performance  far 
exceeded  that  of  the  loose-tube  configuration. 

7.1. 1.4.  On-Orbit  Radiation  Dosimeter  Measurements 

Another  objective  of  PL  Exp  #701  involved  the  study  of  the  trapped  and  galactic 
radiation  effects  on  the  four  space  exposed  FO  link  performance.  Several  studies  have  been 
conducted  on  LDEF  received  doses  (E.  V.  Benton.  Analysis  of  Dosimeters  Aboard  LDEF  Exp 
M0004,  26  Jim  90  and  29  Aug  90  -  Unpublished  reports).  The  selection  of  optical  fibers 
over  the  period  1978-1982,  for  inclusion  in  the  experiment,  was  basea  upon  the  best  known 
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technology  at  the  time  of  the  experiment  fabrication,  and  on  the  results  of  radiation  sensitivity 
experiments  that  were  performed  (Refs.  7-11)  on  a  variety  of  candidate  and  PL  Exp  #701 
optical  fibers.  Table  7-5  contains  a  listing  of  the  space  exposed  fibers  and  a  short  description 
of  their  characteristics. 

In  order  to  measure  the  accumulated  dose  and  spectrum  of  the  space  radiation 
environment,  both  thermo  luminescent  dosimeters  (TLDs)  and  plastic  nuclear-track  detectors 
(PNTDs)  were  located  within  the  experimental  tray  volume.  This  inclusion  of  the  detectors 
on  PL  Exp  #701  constituted  a  cooperative  arrangement  between  the  University  of 
San  Francisco  and  the  PL  Exp  #701  project  office.  Comparisons  of  the  radiation  dose 
received  by  P!^  Exp  #701  and  other  exp-eriment  can  be  found  elsewhere  (Ref.  12). 

The  TLDs  a.nd  PNTDs  v/ere  enclo.sed  in  a  sealed  container  and  co-located  within  the 
EPOS  shielded  volume  (Fig.  7-9).  Each  was  mounted  on  a  separate  45°  wedge,  with  their 
inclined  surfaces  facing  90°  with  respect  to  each  other.  Tliis  orientation  was  chosen  to 
optimize  the  various  shielding  directions  experienced  within,  and  exterior  to,  the  tray  volume. 
A  complete  description  of  the  composition  of  the  TLD  and  PNTD  materials  may  be  found 
elsewhere. 

The  results  of  an  interim  analysis  based  on  a  1-D  shielding  model  indicated  that  the 
space  exposed  optical  fibers  experienced  a  total  dose  varying  from  238  rad(Si),  to 
25  Krad(Si),  depending  on  shielding  provided  by  the  fiber  cabling  materials  and  hold  down 
clamps.  'ITie  analysis  accounts  for  boundary  conditions  of  lightly  shielded  fibers  (typically 
0.01  to  0.05  g/cm^)  to  substantial  shielded  portions  of  the  fiber,  particularly  those  portions 
under  the  hold-down  clamps  (1.06  g/cm^  Fig.  7-10).  The  fiber  do.ses  resulted  primarily  from 
geomagnetical ly-trapped  electrons,  since  the  galactic  cosmic  ray  contribution  was  estimated  to 
constitute  (Ref.  12)  approximately  1  to  3  percent  of  the  trapped  proton  dose  at  typical 
shielding  (greater  than  1  g/cm‘).  Therefore,  for  a  shielding  of  less  than  1 .0  g/cm^  ,  trapped 
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electrons  dominate  the  surface-absorbed  dose  (Ref.  12).  Shown  in  Table  7-5  is  an  analysis 
performed  for  predicting  ranges  of  doses  experienced  by  the  FO  links. 

While  the  optical  fiber  links  were  calculated  to  have  received  a  substantial  dose  over 
the  2,114  days  in  orbit,  no  direct  evidence  of  permanent  induced  radiation  damage  has  been 
observed  to  date.  As  may  be  seen  in  Figure  7-4,  the  external  tray  temperature  -  extrapolated 
from  the  internal  measurements  and  calibrations  -  ranged  from  approximately  ■f57°  C  to 
-29°  C.  The  fibers  orbited  in  this  experiment  were  known  to  possess  good  radiation 
annealing  properties,  enhanced  by  elevated  temperatures.  Optical  power  levels  present  in  the 
fiber  links  during  the  first  year  in  orbit  (typically  30  pW)  would  have  significantly  contributed 
to  any  photo-induced  annealing  (photo-bleaching).  The  one  notable  exception  to  this  early 
prediction  involves  Fiber  Link  #1.  However,  while  radiation  induced  damage  is  not  ruled  out, 
more  probable  causes  for  the  observed  losses  include  micro-  and  macro-bending  effects,  fiber 
pistoning,  and/or  connector  caused  misalignments.  All  of  these  effects  can  be  explained  by 
temperature  dependence  and  are  currently  under  investigation. 

Thus,  as  a  result  of  this  early  analysis,  it  is  concluded  that  no  permanent  effects  due  to 
space-induced  radiation  occurred  in  the  external  FO  links.  The  same  rationale  may  be  used  to 
predict  any  expected  radiation  damage  for  the  passive  fibers  within  the  tray  volume,  and  also 
the  light-emitting  diode  sources  and  the  pin  photodiode  detectors  (all  currently  under 
investigation).  The  doses  received  by  these  components  are  cunently  being  correlated  with 
the  TLD  and  PNTD  calibrations.  For  example,  an  interim  analysis  (E.  V.  Benton,  Analysis  of 
Dosimeters  Aboard  LDEF  Exp  M0004,  26  Jun  90  and  29  Aug  90,  Unpublished  Reports) 
determined  that  the  experiment  tray  shielding  (minimum  of  2.4  g/cm^)  resulted  in  a  high  LET 
data  of  0.88  mrad(si)/day  (total  dose  of  1.86  rad(Si))  with  measured  integral  flux  of  3.6  x  10'* 
cm'^  s  '  sr '  (for  LET  Si  t  50  MeV  cm^  g  ').  The  TLD  doses  varied  from  100  times  to  125 
times  the  LET  dose,  or  186  -  233  rad(Si).  The  FO  components  used  in  the  experiment  would 
not  have  been  expected  to  be  affected  at  these  levels  since  they  were  pretested  prior  to  launch 
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at  200  krad(Si)  to  1  Mrad(Si)  levels  and  showed  little  (approximately  0.6  Db)  permanent 
damage. 


7.1. 1.5.  On-Orbit  Micro-Meteorite  and  Debris  Impacts 

Shown  in  Figure  7-11  is  a  photograph  of  one  section  of  the  experiments’  surface.  This 
surface,  which  provided  shielding  for  the  EPDS,  measured  0.41  m  x  0.91  m  and  was 
composed  of  a  1  mm  thick  aluminum  alloy  (6061-T6)  and  was  painted  with  Chemglaze 
(A276).  This  coated  protective  sheet  (PS)  and  a  thermal  fiberglass  cover  coated  with 
aluminized  Mylar  provided  additional  protection  to  the  shielded  EPDS,  MTM,  DPCA,  and 
dosimeters  immediately  below.  As  may  be  seen  in  Figure  7-12,  the  impactors  on  the  EPDS 
protective  cover  were  tallied  and  compared  to  impactors  experienced  by  the  Solar  Max 
satellite  during  its  4-year  stay  in  orbit  (Ref  13).  While  both  satellites  were  in  low-inclination 
orbits,  they  experienced  different  periods  of  solar  activity  (Solar  Max:  1980  -  1985;  LDEF: 
1984  -1990).  This  may  account  for  the  differences  in  flux  values.  A  tally  of  the  number  of 
large  craters  (>300  pm)  and  small  craters  (>100  pm)  yielded  29  large  and  264  .small.  A  more 
detailed  accounting  of  analyses  performed  on  impactor  chemical  composition,  directionality  of 
impacts,  and  other  related  effects  can  be  found  in  recently  published  data  (Ref  14). 

Figures  7-13  and  7-14  illustrate  .some  typical  impactor  sites  experienced  by  the  space- 
exposed  optical  fiber  cables  and  suiTounding  materials.  Evident  in  Figure  7-15,  is  a  classic 
impactor  region  on  a  fiber  link  faceplate.  Protective  materials  between  the  exterior  cabling 
and  the  single  element  optical  fiber  can  be  .seen  protruding  from  the  outemiosi  cabling  in 
Figure  7-13.  However,  this  optical  fiber  .still  continues  to  function  correctly,  since  it  was  not 
severed  by  the  impactor. 

Figure  7- 16  is  a  photographic  clo.se-up  of  the  impactor  site  on  Link  #4.  Notice  there  is 
no  evidence  of  any  optical  fiber  damage,  although  the  cabling  and  protective  jacketing 
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materials  are  damaged.  Our  analysis  and  testing  of  this  particular  link  revealed  that  the  single 
fiber  within  the  cabling  was  indeed  broken  by  an  impactor.  In  order  to  detect  the  breakage, 
two  investigative  methods  were  used  since  normal  microscopy  and  IR  detection  methods 
employed  at  KSC  did  not  ascertain  any  breakage. 

The  first  method  consisted  of  passing  continuous  visible  laser  light  (X.=6328  A)  through 
the  transmitter  end  of  the  fiber.  This  allowed  a  very  small  amount  of  scattered  light  to 
penetrate  or  scatter  through  the  Kevlar  strength  members  and  Hytrel  jacketing  and  be 
observed.  Under  normal  link  operating  conditions,  light  of  a  wavelength  of  830  nm  is  present 
for  approximately  26  ms,  making  detection  of  any  low-level  short-duration  scattered  light 
difficult. 

The  second  investigative  scheme  involved  an  optical  time-domain  reflectometer 
(OTDR)  measurement.  Figure  7-17  illustrates  that  the  impactor  caused  breakage  at  a  distance 
of  18.9  m  from  the  optical  tran.smitter  end,  or  27.4  m  from  the  receiver  end.  The  sum  of 
these  distances  measured  to  the  impactor  site  agreed  within  OTDR  error  to  the  link  length,  48 
m.  It  is  estimated  that  this  breakage  occurred  between  day  365  and  day  2,114  in  orbit.  Prior 
to  the  365th  day,  this  particular  link  performed  in  an  excellent  manner,  as  recorded  in  the 
orbital  data  tape,  testifying  to  the  applicability  of  fiber  optics  in  space. 

Thus,  despite  numerous  micrometeorite  and  space  debris  impacts  experienced  by  the 
cabled  fibers  and  experiment  surfaces,  only  a  single  optical  fiber  was  observed  to  be  severed 
over  the  2,1 15  days  in  orbit.  This  event  occurred  after  the  scheduled  data  acquisition  portion 
of  the  mission  was  completed. 

Perhaps  the  most  profound  conclusion  that  may  be  drawn  from  the  PL  Exp  #701 
performance  is  that  the  1978  -  1980  era  FO  technology  orbited  operated  excellently,  and  that 
newer  and  improved  FO  technology  should  perform  in  a  superior  manner. 
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This  experiment  demonstrated  for  the  first  time,  under  deliberate  space  exposure  and 
over  an  unscheduled  extended  time  period,  that  well-designed  FO  systems  can  survive  and 
perform  in  the  space  environment. 


7.1.2  Experiment  S0109  -  Space  Exposure  of  Fiber  Optic  Cables 

This  passive  experiment  contained  10  fiber  optic  cable  samples,  4  of  which  were  space- 
exposed  with  the  remaining  6  within  a  shielded  volume.  The  space  exposed  cabling 
surrounding  the  fibers  experienced  similar  UV  radiation  or  aging  effects,  as  discussed  earlier 
in  detail  for  the  M0004  Experiment.  Early  examination  of  the  cabled  fiber  responses  to 
temperature  following  tlie  LDEF  recovery  first  revealed  that  no  measurable  changes  in 
performance  were  obseiwed.  In  a  later  report  up  to  10  Db/km  excess  loss  over  the  -55°  to 
+70°  C  range  was  reported  in  the  majority  of  cabled  fibers  tested  following  the  orbit  and  was 
believed  to  be  due  to  more  than  one  mechanism,  but  not  identified.  Several  techniques  were 
employed  in  baselining  any  fiber  intrinsic  loss  increases  following  the  orbital  exposure.  Not 
all  fibers  were  baselined  using  a  common  technique  and  it  was  reported  that  long-term 
damage  -  residual  losses  did  exist.  These  data  were  later  explored  again,  drawing 
comparisons  between  recently  irradiated  samples  of  the  various  fiber  types  and  the  orbited 
fibers.  Other  effects,  such  as  contamination  to  unprotected  fiber  connectors  located  within  the 
tray  volume,  have  also  been  obserxed.  There  was  no  positive  indication  from  direct 
measurements  on  these  llight  connectors  that  (any)  significant  loss  can  be  attributed  to 
contamination.  A  more -complete  description  of  the  post-orbit  analy.ses  of  this  passive 
experiment  can  be  found  elsewhere  (Ref.  12). 
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7.1.3  M0003-8  Fiber  Optic  Experiment 

This  experiment  was  an  active  experiment  orbited  on  the  LDEF.  It  was  a 
sub-experiment  of  M0003,  "Space  Environment  Effects  on  Spacecraft  Materials."  The 
purpose  of  the  M0003-8  Experiment  was  to  gather  data  on  the  stability  of  fiber  optic  multi¬ 
contact  connectors  (Hughes  20  contact  C-21  series  connectors,  which  accommodate  size  #16 
fiber  optic  termini).  As  shown  in  Figure  7-18,  the  experiment  was  operated  at  a  wavelength 
of  905  nm,  and  the  data  was  recorded  over  approximately  1 1 1  2-hour  periods  with  32 
recordings  per  period  during  the  first  400-plus  days  of  the  flight  (the  data  ran  out  of  tape). 

An  extensive  discussion  of  the  data  recorded  aboard  this  LDEF  experiment  can  be 
reviewed  elsewhere  (Refs.  14  and  15).  However,  post-orbit  tests  were  compared  to  previously 
recorded  pre-orbit  measurements  and  resulted  in  the  conclusion  that  the  FO  components  and 
in  particular,  the  connectors  studied,  experienced  no  degradation  following  the  LDEF 
recovery.  In  essence,  no  fiber  pistoning,  or  connector  degradation  due  to  radiation  and  other 
space  environmental  effects  were  noted.  The  lack  of  radiation  effects  on  the  optical  fibers  is 
easily  explainable  since  the  lengths  used  were  very  short  (1/2  and  2  meters).  The  total 
system  performance  variation  since  the  experiment  was  fabricated  and  tested  in  1978  was 
measured  to  be  a  plus  (-h)  0.2  Db  increase  experienced  during  the  LDEF  orbit,  following 
orbital  recovery  (Nov  1990).  The  experiment  tested  the  same  as  it  did  in  1978.  The  principal 
investigator  concluded  that  the  experiment  operated  in  a  relatively  benign  environment  and 
was  designed  to  perform  reliably,  which  it  did,  experiencing  little  or  no  degradation  in  the 
LDEF  orbit. 


7.1.4  Experiment  S0050  -  Optical  System  Components 

This  passive  experiment  contained  both  shielded  and  exposed  electro-optic  and  FO 
components.  Individual  components  were  mounted  on  aluminum  subpanels  which  were 


7-13 


7.1,  Experimental  Configurations  and  Fiber  Optic  Systems  and  Component  Exposures  to 
the  Space  Environment 

covered  by  a  thin  aluminum  sunshade,  with  several  components  left  unshielded.  Table  7-6 
lists  the  EO  components  orbited,  while  Table  7-7  presents  data  reported  for  an  EO  modulator. 
Figure  7-19  depicts  the  petfoimance  of  a  GaAsP  LED  orbited  aboard  the  LDEF  with  that  of  a 
stored  diode  of  the  same  type,  showing  that  the  diodes  reproduced  their  original 
characteristics.  Similarly,  the  EO  modulator  data  shown  in  Table  7-7  showed  no  measurable 
changes  in  optical  transmission.  The  half-wave  voltage  and  roll-off  frequency  can  be 
observed  to  be  within  experimental  eirors.  Other  non-fiber  optic  technology  based 
components  ("optical  filters,  paints)  were  included  in  this  experiment,  and  the  reader  is  referred 
elsewhere.  (Note:  Data  on  other  detectors,  lasers,  etc.,  as  shown  in  Table  7-6  were  not 
reported  at  the  time  of  this  writing.)  The  principal  investigator  concluded  that  the  changes 
noted  in  the  retested  components  (following  the  LDEF  recovery)  appear  as  much  related  to 
the  passage  of  time  as  to  the  effects  of  the  space  environment,  but  that  organic  materials, 
multilayer  optical  interference  filters,  and  extreme  IR  reflectivity  of  black  paints  have  shown 
unexpected  changes. 

7.1.5  Experiment  M0006  -  Space  Orbited  Fiber  Optic  Bundle 

This  experiment  was  a  subset  of  the  M()006  "Space  Environment  Effects  Experiment." 
The  post-orbit  analysis  of  the  FO  bundle  (Table  7-8)  included  investigation  of  the  attenuation 
of  optical  signal  transmission,  numerical  aperture,  and  fiber  spectral  responses  over  a  wide 
wavelength  range.  The  measurements  were  performed  in  a  sequenced  manner  or  hierarchy  in 
order  to  determine  if  the  optical  fibers  experienced  any  space  ■  diation-induced  attenuation. 
The  cable  bundle  contained  1800  individual  fibers  which  were  oriented  40°  distant  from  the 
trailing  edge  of  the  LDEF.  Exposure  to  the  space  environment  occurred  over  the  period  21 
Apr  84  through  15  Mar  85.  As  shown  in  Table  7-9,  attenuation  mea.surements  were  in  a 
sequenced  manner  or  hierarchy  in  order  to  prevent  the  inadvertent  annealing  or 
photobleaching  of  any  space-induced  pennanent  attenuation  in  the  fiber  bundle.  By 
perfonning  measurements  at  longer  wavelengths  and  relatively  low  optical  powers,  the 
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activation  of  photobleaching  is  minimized  or  avoided.  Figure  7-20  illustrates  a  typical 
spectrophotometric  scan  showing  little  deviation  between  the  control  and  the  space  orbited 
bundle  of  fibers.  The  detailed  results  of  this  investigation  can  be  found  elsewhere  (Refs.  12 
and  14).  It  was  concluded  that  photobleaching  of  suspected  space-induced  radiation  color 
centers  did  not  occur.  Due  to  the  extiemely  short  length  of  the  cabled  bundle  of  fibers 
(61.7  cm),  the  accuracy  of  the  attenuation  measurements  was  determined  to  be  +/-  0.14  dB/m, 
a  value  far  greater  than  any  expected  space-radiation  induced  losses.  It  was  concluded  that  if 
any  permanent  attenuation  was  experienced  by  the  bundle  while  in  orbit,  it  was  less  than 
0.14  dB/m.  This  was  also  supported  by  other  measurements  such  as  numerical  aperture 
(N.A.).  Far-field  measurements  were  performed  using  a  Fourier  transforming  and  relay  lens 
system  to  measure  the  N.A.  The  acceptance  angles  were  determined  to  be  62.8°  2.5°  for 

the  control  bundle,  resulting  in  an  N.A.  of  0.52  +/-  0.02.  The  orbited  bundle  measurements 
resulted  in  an  acceptance  angle  of  64.7°  +/-  2.5°  and  an  N.A.  of  54  +/-  0.02.  These  and  other 
measurements  covered  in  greater  detail  within  the  cited  literature  indicated  that  little,  if  any, 
adverse  effects  were  experienced  by  cabled  optical  fiber  bundle  in  LEO. 


7.2  CONCLUSIONS 

The  general  conclusions  that  may  be  drawn  from  the  summary  of  LDEF  FO 
experiments  presented  in  this  chapter  are  as  follows: 

•  FO  technology  is  mature  for  space  applications,  providing  a  judicious  choice  of 
space  worthy  components  is  made. 


Very  little  radiation-induced  permanent  damage  (if  any)  was  observed  to  directly 
degrade  the  optical  fibers  and  shielded  optoelectronic  components  composing  the 
FO  systems  aboard  the  LDEF  in  LEO. 


7.2,  Conclusions 

•  Temperature  cycling  and  temperature  extremes  can  degrade  certain  optical  fibers. 
Care  must  be  taken  to  choose  temperature  insensitive  fibers  for  space 
applications. 

•  Other  space  »  nvironments  factors  such  as  UV  radiation,  space  debris, 
micrometeorite  impactors  and  AO  can  cause  material  damage  to  cabled  fibers. 
Care  must  be  taken  to  provide  adequate  protection,  particularly  for  extended 
orbital  periods. 

•  While  the  LDEF  FO  experiments  were  generally  successful  in  their  ability  to 
perfomi  or  withstand  the  LEO  environment,  extrapolation  of  these  results  to  other 
orbital  conditions  should  be  approached  with  caution  (for  example,  the  radiation 
environment  experienced  by  the  LDEF,  while  in  LEO,  was  relatively  benign 
compared  to  fluxes  in  other  (higher)  satellite  orbits.  Thus,  there  is  no  direct 
method  based  on  in-situ  data  which  exists  for  predicting  performance  in  more 
adverse  radiation  environments.) 
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Magnetic  Tape  Memory 


Rgure  7-1.  Configuration  of  Experiment  hardware.  This  hardware  was  used  to 
measure  the  performance  of  the  four  active  FO  links  contained  in  PL 
Experiment  #701  (M0004).  The  experiment  measured  the  temperature  at 
various  locations  within  the  tray  volume  and  the  performance  of  the  FO 
links  by  measuring  the  SNR  and  BER  of  each  link. 
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Note:  Intersection  of  tray  flanges  is  the  (0,0,0)  point.  Negative  z  values  are  into 
the  interior  volume  of  the  experiment  tray. 

I  Thermistors  I  Dosimeters 

Figure  7-3.  Thermistor,  Opical  Fiber,  and  Dosimeter  Locations. 
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Experiment  #701  -  M0004 
Flight  Performance  of  Link  # 


7,  Figures 
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Performance  of  PL  Exp  #701  FO  Link  #2, 


PL  Experiment  #701  -  M0004 
Flight  Perforormance  of  Link  #3 
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Orbit  Performance  of  PL  Exp  #701  FO  Link  #3. 


PL  Experiment  #701  -  M0004 
In-Flight  Performance  of  Link  #4 
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Lllllllf  1 1' 


-10.  A  Close-Up  of  PL  Exp  ^01  at  KSC. 
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Figure  7-12.  Comparison  of  PL  Exp  #701  and  Solar  Max  Satellite  Impactor  Flux  Data 
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I 


7,  Figures 
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Figure  7-15.  Close-up  of  PL  Exp  #701  Link  #4  Impactor  Region. 
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7,  Figures 

Power  Splitter/Connector 


Figure  7-18.  Boeing  Exp  M0003-8  Experiment  Block  Diagram. 
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ode  Light  Emission 


;ure  7-19.  Radiation  Output  vs  Forward  Current  for  a  GaAsP  LED  Exposed  to  the 
Space  Environment  and  a  Stored  Diode  of  the  Same  Type.  The  Diodes 
Reproduce  Their  Original  Characteristics. 


spectral  Irradiance  (W  cm'^  nm*^ ) 
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Spectrophotometry  Scans  I  and  II 


Wavelength  (nm) 


Figure  7-20.  The  Spectrophotometry  Scans  I  and  II  have  been  combined  to  reveal  no 
significant  transmission  differences  in  the  comparison  of  the  ('ontrol  and 
the  Space  Orbited  FO  Bundles. 
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Table  7-1.  Comparison  of  FO  Experiments  Orbited  on  the  LDEF. 


Experiment 

Idcntiflcation 

And 

Responsible 

Agency 

Objective 

or 

Title  of 
Experiment 

Experiment 

Orbital 

Operation 

On-Orbit  Data 
Collection 
(Recorded 
Parameters  and 
Variables) 

Direct 

Space 

Exposure  of 
FO 

Components 

Post  Orbit 
Analysis 
Performed  by 
(Principal 
Investigator) 

M0004 

PL-Exp  #701 
AFMC  PhiUips 
Laboratory 

Demonstrate 
active  FO 
systems. 
Measure 
Temperature  and 
Radiation 
Effects 

Active 

a,  T,  S/N.  BER. 

V  Dosimetry 

Cabled 

Optical 

Fibers 

PhiUips 
Laboratory 
(E.  W. 
Taylor) 

S0109 

JPL 

Calilbmia  Inst,  of 
Tech 

Space  Exposure 
of  FO  Cables 

Passive 

None 

Cabled 

Optical 

Fibers 

JPL 
(A.  R. 
Johnston) 

S0050 

Georgia  Tech 
Research  Inst 

Exixisurc  of 
Optical  Fibers 
and  Components 

Passive 

None 

None 

Georgia  Tech 
Res  Inst 
(M.  Blue) 

M0006 

U.S.  Air  Force 

Space 

Environment 

Effects 

Passive 

None 

Cabled  non¬ 
imaging  FO 
bundle 

Phillips 
Laboratory 
(E.  W. 
Taylor.  S.  A. 
DcWalt) 

A0138-7 

CERT/ONERA- 

DERTS 

Optical  Fibers 
and  Components 

Passive 

(Possibly 

Dosimetry) 

None 

CERT/ONE 

RA-DERTS 

(Jacques 

Bourricaii) 

M0003-8 
Boeing  Co 

Space  Effects  on 
Mullipin  FO 
Connectors 

Active 

T.  V 

None 

Boeing  Co 
(Owen 
Mulkc) 

a  —  Optical  Signal  Transmission  &  Attenuation 

T  =  Temperatures 

S/N  =  Signal -to-Noise  Ratio 

BER  -  Burst  Error  Rates 

V  =  Voltages  (Various) 
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Table  7-2.  Abbreviated  Thermal  Data  Measured  in  Orbit. 


Day  /  Meas  # 

Therm  Max  OC 

Therm  Min  OC 

6  /  1 

Therm  5/10 

*  Avg  /  -15.0 

18/3 

Therm  4/1.9 

•  Avg  /  -25.6 

60  /  10 

Therm  j  /  8.4 

♦  Avg  /  -27.7 

84  /  14 

*  Avg  /  15.3 

Therm  1/10.5 

223  /  41 

*  Avg/ 48.1 

Therm  3  /  29.2 

247  /4 

Therm  5/18.2 

♦  .\vg  /  -10.1 

272  /  53 

*  Avg  /  53.5 

Thcnii  3  /  31.7 

364  /  76 

♦  Avg  /  27.6 

Thenn  1  /  20.0 

*  Nolo:  This  is  the  Average  of  Thermistors  2,  7,  and  8 


Table  7-.^.  Thermistor  Location  Within  Experiment  Tray. 


Tlicnnistor  U 


X  (cm) 


y  (cm) 


z  (cm) 


Remarks 


73  7 


14.0 


6.4 


Atlaclicd  to  Traiismillcrs 


104.1 


67.3 


-  0  .S 


Attached  to  Fiber  Plate 


63. 


63.5 


6.4 


Attached  to  Circuit  Board 


124.5 


10.2 


-  6.4 


Allaclicd  to  sidewall 


35.6 


68.6 


8.9 


Attached  to  bracket  inside  EPDS  cover 


50.8 


76.2 


-  14 


Attached  to  base  plate  (Tray  bottom) 


124.5 


95.6 


0.5 


Attached  to  Fiber  Plate 


104.1 


25.4 


-  0.5 


Attached  to  Fiber  Plate 
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Table  7-4.  Some  Characteristics  of  Space  Exposed  Active  Optical  Fibers, 
Prior  to  Launch. 


Variable 

Link  *\ 

Link  il|l2 

Link  #3 

Link  tt4 

Original  Cable  Color 

Purple 

Yellow 

Beige 

Blue 

Cable  Type 

Loose  Tube 

Loose  lube 

Conformal 

Conformal 

Cable  Material 

Polyurethane 

Tcfecl 

TBD 

Hytrel 

Tiber  Type 

Otass/Olass 

Semi-Qraded 

PCS 

Step  Index 

PCS 

Step  Index 

PCS 

Step  Index 

Care/Clad  (pm/pnt) 

100/140 

207/327 

207/327 

198/358 

Numerical  (Apertures) 

0.30 

0.22 

0.22 

0.33 

Itandwidth  (3  dU)  (Mill 

-  km)  20 

25 

25 

25 

Attenuation  (dU/km) 

6.0  @  850  nm 

5.0  @  850  nm 

5.0  @  850  nm 

9.2  @  850  nm 

Wavelength  (nm) 

1300 

830 

830 

830 

I.ink  Length  (m) 

45.0 

19.7 

20.5 

48.0 
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Table  7-5.  Interim  Analysis  of  Radiation  Doses  Experienced  by  PL  Exp  #701. 


■Shielding  Depth 
(g/om’) 

Trapped  Elections 
(Rad) 

Trapped  Protons 
(Rad) 

OCR*,  Other 
(Rad) 

Total  Dose 

0.01 

24,500 

515 

33 

25,000 

0.02 

12,100 

471 

33 

12,600 

0.03 

7,320 

444 

33 

7,800 

0.04 

4,980 

425 

33 

5.440 

0.05 

3,540 

410 

33 

3,980 

0,86 

11.9 

218 

33 

263 

1.06 

3.3 

202 

33 

238 

1.25 

2.6 

193.5 

28.4" 

224,5  ±  6.0"' 

2.48 

0.1 

149.5 

37.0" 

186.5  ±  5.8*" 

♦  -  Vulucs  determined  from  coiiiparisoii  of  measurement  and  calculation 
•  ♦  -  Difference  between  measured  and  ealculalcd  doses 
•  -  Measured  TLD  values 
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Table  7-6.  List  of  Electro-Optical  Components. 


Table  7-7.  Electro-Optic  Modulator  Characteristics. 
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.20  dB  /  m  +/-  0.10  dB  /  m 


Table  7-9.  Attenuation  Measurements  of  Control  and  Space  Orbited  Bundles. 
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APPENDIX  A 

LDEF  EXPERIMENT  LOCATIONS,  ENVIRONMENTS  &  MATERIALS 


This  appendix  organizes  the  many  experiments  into  a  form  that  allows  quick  and  easy 
information  on  the  location  and  their  space  environment  exposure.  The  plots  are  based  on  a  map 
of  the  LDEF  spacecraft,  with  the  skin  of  the  spacecraft  unfolded.  The  panels  start  with  row  nine 
and  move  back  from  there.  This  was  done  to  place  the  actual  RAM  direction  of  the  spacecraft 
on  the  left  side  and  right  side  of  the  chart.  In  each  case,  just  read  straight  down  the  page  to  get 
an  estimate  of  the  value. 

Tables  A.l.A  and  A.l.B  -  LDEF  experiments  mapped  against  the  corre.sponding 
Cumulative  Sun  Hours  and  tlie  Cumulative  Atomic  Oxygen  Fluences.  The  second  chait  shows 
the  panehs  tliat  contain  more  than  two  experiments. 

Tables  A. 2. A  and  A.2.B  -  LDEF  experiments  mapped  against  the  corre.sponding 
Cumulative  Debris  and  Micrometeroid  Impact.s. 

Table  A  3  -  A  map  of  the  optical  experiments  showing  what  types  of  optics  were  found 
in  different  experiments.  The  experiment  numbers  were  used  as  the  simplest  way  to  identify 
them. 

Table  A. 4  -  A  map  of  the  optical  component  types  and  the  materials  found  in  each  of  the 
different  experiment  locations. 
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Table  A.1.A  -  Map  of  LDEF  Experiments  and  Environments 


A,  LDEF  Experiment  Locations,  Environments,  and  Materials 
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Table  A.2.A  -  Map  of  LDEF  Experiments  and  Environments 
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Table  A.3  -  R/lap  of  LDEF  Optic  Experiments  and  Optic  Types 


M0006,S0050-3) 


Experiments  and  Optic  Types 


DiOde  Lase',  Nd:YAG  Laser  Rod,F!ash!amp.  Laser  Mirrors) 
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APPENDIX  B 

EXPERIMENT  DESCRII*l'IONS 
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This  appendix  provides  a  description  of  each  of  the  optics-related  experiments  flown  on 
LDEI',  listed  by  exjxjrimcnt  number.  For  each  expcrimenl  number,  the  title,  experiment  LDHF 
tray  locations,  principal  investigators,  and  materials  flown  are  listed.  This  apix;ndix,  in 
conjunction  with  Appendix  A,  provides  a  useful  cross-reference  in  understanding  the 
ex]x;rimental  cfl'ects  dc.scribed  in  (Chapter  4. 
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Appendix  B,  Experiment  D(‘scnt)ti(ms _ 

Experiment  A0034 


TITLE: 


Atomic  Oxygen  Simulated  Outgassing  Experiment 


TRAY 

LOCATION: 


C9,  C3 


ERINCIEAL 

INVESTIGAIORS: 


Roger  C.  Linton  diaries  C.  Burris 

NASA  Marshall  Space  Flight  Center  Southern  University 
Alabama,  35812  Baton  Rouge,  LA 


Robert  L.  Scott,  Jr. 
Ciba-Geigy 
Saint  Gabriel,  LA 


Ol’TICAL  Coatings  on  borosilicate  or  fused  silica  v^indows: 

MATERIALS:  Z-93  whitepaint  (iri  Rl)  zinc  oxide  in  potassium  .silicate 

binder 

A-270  white  paint;  titanium  dioxide  pigment  in  polyurethane 
binder 

S-13G  (IITRI);  zinc  «)xide  in  RTV()02  silicone  binder 

S-13G/L<j  (IITRI);  zinc  oxide  in  RTV602  silicone  binder, 

improved  formulation  for  outgassing 

/-3U(i  (  hemglaze;  black,  titanium  dioxide  and  carbon  in 

polyurethane  binder 

Z-32()  Chemglaze; 

YB71  zinc  ortho  titanate  (ZO'I  )  (il  l'RI) 
anodized  aluminum  protective  cover 


0 

0 

0 


Appendix  B,  Exi)enmi'nt  Dcsrriiitioiis _ 

Experiment  A0056 


TirLU:  Exposure  to  Spate  Radiation  of  High  Performance  Infrared 

Multilayer  Filters  and  Materials 


^  TRAY 
t  r  LOCATION: 

m 

^  PRINCIPAL 

•  invesik;alors: 


C.12,  B8, 


Ciary  J.  Hawkins,  jtihn  Seeley,  Roger  Munneman 
Tile  University  of  Reading,  Infrared  Mulliiayer  Lab 
Depl.  of  C)'bernetics, 

Reading,  Berkshire,  RC^6  2AY,  England 


i-V 


HPllCAl, 

MA’IERIALS: 


m 


0 

y  0 


■'iV' 


oSt' 


•t4' 


0 

0 

0 

m 

0 

0 

0 

0 


UNC'OA  rid)  CRYS  LAPS  AND 

MA'IERIALS 

C'ak'iurn  CJliioride 

Magnesium  I  luoride 

Ciermaniuin 

Silicon 

C’admium  Lellurido 

Sajiiihire 

Y-col  (Joarl/ 

/,-cul  (Juarl/ 

KKS-5 

Krs-() 


St)l  1  SUBS  LRAl  i;/C()A MNC; 

mati;rials 

KRS-5  with  (.l-layer  AS2S3/KRS-5 
Krs-(>  will!  33-layer  /,nS/KRS-5  & 
/,nSe/KRS-5 

KRS-5  with  (>1  layer  Cd  Te/KRS-S  & 
AS2S3/KRS-5 

HARD  SUBS  I  RA n  /l  lI.l  liR 

COA  I  INtJS 

(ie  with  Pb  I  e//.iiSe 

( ie  with  Pb’l  e//,nS 

Al.Oi  with  ( ie/SiO 

/.nSe  with  Phi 

Si  with  SiO 


# 

'*'1 


H  t 


'"■i 

■mt 


Appendix  B,  Expenipcni  De.si  riplioiis _ 

Experiment  A0138-3 


TIILE: 


Thin  Film  MeUil  Film  and 
Multilayer  Experiment 


IRAY 

LOCAHON: 


B3 


I’RINCIl’Al 

INVliSTICATOUS: 


J.l\  Uelaboudiniere 
CNRS/trSI’ 

Verrieres  le  Buisson,  France 


orncAL 

MATLRIAI.S: 


I'UV  thin  films 
UV  gas  filters 
photncathndes 
UV  crystal  filters 


H  t 


riiiNCirAL 

[NVESTIGATORS: 


Jean  Charlicr 

Matra  Delc.ise 

DtlVDlO 

17,  fue  I’aul  llai'iier 

7814U  Velizy  Villacoublay 

iRANCr: 


IrcMieo  Alot 

'.I’NtS/C'entro  Spatial  di* 
Toulouse  18 
Avenue  lidouaid  Helin 
31055  1  oulouse  C’edex 
IRANCl' 


orricAi. 

MATI-RIALS: 


Melallic  uUerterence  filler  made  in  ullialii^h  vacuum, 
wavelength-- 121.0  nm 

Metallic  interference  filler  made  in  classical  vacuum, 
wav''!ength=121,0  nm 

Metallic  interference  filler,  wavelengili-130  Jim 

Dielectric  interference  filter,  wavelength- 500  nm 

Band, pass  interference  filler,  wavelength-  1,5  um 

A!s  Mgl'j  metallic  mirron  on  glass  sub.liale  measured  at  121  nm 

Al  +  Mg)i'2  metallic  mirron  on  Kanigen  subsliale  at  121  nm 

AliLih'  metallic  miri'or  on  glass  substrate  al  102  niii 

A1  f  l.il'  iiielallii  mirror  on  Kanigen  .substrate 

I’latinum  mirror  at  121  nm 

Agt  rill  1  i.ielallic  minor  on  glass  substr,Ue  al  4.50  nm 

Ag+  lhl<  metallic  mimiron  Kanigen  substrate  at  4.50  nm 

Dielectric  miri'or  at  wavelength  250  nm 

Dielectric  miiTorat  wavelength  ^170  nm 

Metallic  selective  iniiToral  wavelength  -170  nm 

SiOr'I'iO;  dielectric  mirrois 

Antireflection  coating  in  14-  to  lO-um  region 

Anliiefh'i  lion  coaling  in  8-  to  13-um  region 

Dicluomelric  separatijm  in  visible  and  infraied  region  at  10  nm 


Apprndix  '  ''  pcrimetu  Des, 


TITLli: 


IKA-Y 

LOCATION: 


PRINCIPAL 

INVIiSlIGATORS: 


Ol'I’lCAL 

MAILRIALS; 


•riptions _ 

Experiment  A0138-5 


m 

m 


Ruled  and  Holographic  Gratings  Experiment 


B3 


Liancis  Bonneinasoii 
InstrumcMits  SA 
jobin  Yvon 

Longjuineau,  I'KANCE 


Renee  Alel 

CNES/Centre  Spatial  de  Toulouse  18 

Avenue  Edouard  Belin 

31()S5  l  oulouse  Cedex,  LRANCE 


-  Replica  from  ruled  grating  (glass  blank  t  epoxy 
photoresist  +  coaling)  Lype  G.  Grating  characteristic  is 
1200  G/MiM  blaxed  al  250  inn,  Al-coaied. 

--  Original  master  In)h)graphic  grating  (glass  blank  s 
sensitive  plmtorosist  ^  coating)  Type  H.  Grating 
characteristic  is  3000  G.MM  SO  TSO  nm  spectral  range, 
platinum-coated, 

-  Ion  etched  original  inaster  grating  (glass  blank  + 
coating)  lype  HU  Graling  characteristic  is  1200  C/MM 
blazed  al  2SI)  nni,  Al  coaled. 

-  Conlro’  mirrors  (glass  blank  ^  coaling)  Lype  W. 


H  (i 


# 

# 


m 

# 

m 

m 


m 


m 

• 

m 

m 

# 

m 


Appendix  B,  E.xix’rinicin  Dcscriprioii'i 


Experiment  A0147 


'IITLli: 


I’assivo  UxpusLire  of  liarth  Kadialioo 
Budget  BxpenmeiU  Components 


I’KAY 

LOCATION: 


HH,  Cl 2,  liM 


i’lUNCIPAl  John.R.  Ilickt-y 

INVliSTICATOKS:  l  aboralory,  Ina, 

Newport,  Kl 


Thomas  A.  Mooney  and  Ali 
vSmajkiewic/ 

Harr  Associates 
Wes  I  ford,  MA 


OTTICAL 

MATiiKIAl.S: 


SOLAR  SLNSORS 

K’hannol  #/filtt'r/speclral  hand  in 

uni/lhonnopilel 

IS  I  used  silica  O.IH  to  3.H  N3 

thermo(nle 

2S  fused  silica  0.  IH  to  3.8  N3 
lhernio|)ile 

3S  None  (total  rati.)  <0,2  lo  •>S()  N3 
tial  plate 

4S  OC;-53U  glass  (),52(.  to  2.H  N3 
SS  R(  glass  O.O'JH  lo  2.8  N  ^ 

OS  Inlerterence  filter  0.3‘tS  t(»  0.510 
N3 

7S  Interference  liller  0.344  lo  0.4()0 
N3 

8S  li  lerference  filler  0.300  to  0.410 
N3 

OS  Interference  filler  0.285  U»  0..3(>5 


LAU  Til  I  LUX  SLNSORS 
1 IL  None  (lolal  rad.)  <0.2  It) 
>50  N3  flat  plate 
12L  None  (lolal  rad.)  <0.2  to 
:>50  N#  Hat  plale 
L3L  Lulsed  silica 
hemispheres  0.2  to  3.8  N3 
I4L;  RC-(>05  glass 
ht*inispl)eres  0.(i')5  lo  2.8  N3 
lilTLLY  LAH  MLITAL 
1)11  LliCI  KICC  OA  LINC 
MA  I  liRIAL 
/.irconinin  ( )xide 
/inc  Sulfide 
Thorium  Muoritle 
(  ryolile 
Leail  Tliioride 
Lead  Chloride 


IDS  Inlerterence  filler  0.250  It)  0..320 
K2 

K'C  None  (lolal  rati.)  <0.2  U)  >50  HI 
I  avit  V 


Appendix  li,  Hxpcnuu’tu  Dcsc. 


IIILK: 


lUAY 

LOCAIION: 


ruiNCirAL 

INVI-SIK^AIORS: 


ornc'AL 

MATliRIAI.S: 


‘iptions 


Experiment  A0171 


Solar  Array  Materials  Passive  LDlil-  l-\perinu>nt 


A8 


Ann  1'.  Whitaker  &  LeighUni  h.  Young 
NASA  Marsliall  Space  l-liglU  C'enler 
MSI  C,  A  I, 


I'liis  passive  experiment  contains  a  total  t)i  about  100 
materials  and  material  processes  which  address 
primarily  solar  array  materials,  including  solar  cells, 
composites,  thin  films,  paints,  metals  and  other 
polymers.  This  database  will  recoril  results  ctnicerning 
the  solai  cells  only.  Seven  separate  MSIC  photovoltaic 
(solar  cells)  were  flown  on  this  experiment.  All  lest 
articles  underwent  substantial  atomic  oxygen  erosion  ol 
their  polyimide  (Kapton)  substrate  structures  with  the 
effect  that  one  module  was  lost  prior  to  orbiter 
rendc/voMS  with  I. Did';  one  came  loose  and  diilted  away 
when  l.Dl'l  was  grappled;  and  nne  (M.f)  was  attached  at 
only  one  corner  w'hen  l.niil’  was  retrieved.  I  he  latter 
was  lound  on  the  Hour  of  the  cargo  bay  when  l.ntd'  was 
removed. 


H  X 


Appendix  li,  Experimi’nt  Deschpiions 


TITLE: 


IRAY 

LOCATION: 


PRINCIPAL 

INVESIIGATORS: 


OPMCAL 

MATERIALS: 


Experiment  A0172 


Effecls  of  Solar  Radiation  on  (jlasses 


D2,C12 


D.  Kinsor,  R.  Wcllor,  M.  Mciulonhall,  P.  Wicdloclior 
Vaderbill  University 
Nashville,  TN. 

R.  Nichols,  O.  Tucker  and  A.  Shiiaker 
Marshall  Space  Tliglil  Ccnler 
MSEC,  AK  35812 


commercial  optical  fused  silica 
low  iron  soda-lime-silica  j^lass 
pyrex  7740  glass 
vycor  7‘)13  glass 
bk-7  glass 

Zerodur  glass  ceramic 


# 


Appendix  B,  Experiment  Descriptions 


Experiment  M0003-2 


TITLH: 


Laser  Optics 


TRAY 

LOCAl  ION: 


D3,  D4,  U8,  D*) 


I’RINCirAL 

INVLSIIGAIORS: 


Linda  Dc  liainaut 
I’L/LTS 

Kirtland  A1’B,NM 


Ol’lICAL 

MAILKIALS; 


Ten  sets  of  six  samples  each  (120  surfaces);  each  set 
uniquely  exposed;  two  conlrt)!  sets  not  flown.  Lacli  set 
contains: 

uncoated  fused  silica  (1'22  Supersil-Wl,  Ainersil,  Inc., 
finished  at  Perkin  Lltner) 

Mj'1'2  coated  fused  silica  (coating  is  M.G.D.A  by  li.M 
Chemical  C'o;  1/2  wavelength  at  l.Uo  um;  Perkin  lilmer 
coaler) 

hare  polished  molybdenum  (low  carbon  ARC'  casled 
bar  stock;  Ainax  Specially  metal) 

molybdenum  coaled  with  Cr,  Ag  &  Thl'4  ( 1  hl'S-C’erac, 

00%  pure;  Ag-Maiv.  Wire,  00.00'!f,  pure;  C’r-l'leclronic 

Space  Products,  00.00%  pure) 

diamond  turned  copper  (Ol'HC’) 

diamond  turned  Ni  plated  Cu  (Norlhrup?) 

l  our  sets  on  Leading  L’dge  exposed  for:  70  mos.,  3  inos., 

fi  mos.  and  9  mos. 

1  our  sets  on  Trailing  lidge  exposed  for:  0  mos.,  3  mos., 
b  mos.,  and  0  mos. 

Two  sets  control  samples  never  flown 


Experiment  M0003~  4 


TITLF': 


TRA.Y 

LOCAIION: 


rUINCIl’AI, 

INVLSriGA'lOKS: 


oi’>r:al 

MA'l'liUIALS: 


Advanced  Solar  Cell  ai»d  Crovcrglass  Analysis 


D3,  D4,  08,  04 


I'erry  M.  'riuinhle 
Ac'r(.'space  Power  Oivision 
Aero  Propulsion  and  Power  Oirectoralo 
Wrij'hl  Pallerson  Al'B,  OH 

Pin'  experimcnl  consists  of  48  covei  j^lass  samples 
and  12  solar  cell  slrinf.’,s.  Sixteen  of  the  coverj,!;lass 
samples  wore  «>n  the  leadin/i;  edge  and  lo  on  the 
trailing  edge,  and  Ih  on  the  backside  of  a  tray 
protected  from  direc\  exposiiie  to  the  Leo 
environment.  An  ad.litional  18  s.nn|iles  were  used 
as  control  samples  and  were  not  flown. 


(i 


Appendix  B,  KxiH’riinciu  PcsyriptioiLs _ 

Experiment  M0003-  7 


TniE: 


Space  Knvironnu’ntal  Filfects  on  Coated  Optics 


i'KAY 

LOCATION: 


D4,  08,  1>9 


riUNCII’AI., 

IN  VliSl  IGA  l  OUS: 


Terry  M.  Donovan,  J.M.  Bennel,  R.Z. 
Dal  bey  and  D.K.  Burge 
Thin  I-’ilin  I’liysics  Section 
Naval  Weapons  Center 
Clrina  Lake,  CA 


Ol’llCAL 

MA'l'l'RlALS: 


(Si/A1.0.)3/Ag/Si 
(Si/AbO.)2/Ag/Mo 
(ZnS/Ah)3)4/Ag/Mo 
(ZnS/Thl'dSAj^Mo 
(Ah(  j<)/C  al'i 


• 

0 

0 


0 

0 


0 


0 

0 

0 

0 

0 

0 

0 

0 

0 


0 
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m 

• 
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Appendix  B,  Experimi’iu  Di'.scripiions _ 

Experiment  M0003-11 


TITLE; 


Contamination  Monitoring 


TRAY 

LOCAIION; 


1)3,  1)4,  1)8,  1)‘> 


riuNCirAL 

INVLS'VIGA'rORS; 


luigc'oe  IJorson 

The  Aorospaco  Corporation 

Los  Angelos,  C'A 


# 

# 

# 


m 

m 

# 


OI’i'IC'AL  Scatter,  Hlack  Cilass  Mirror 

MATERIALS:  Alumini/ed,  I'lised  Silic.i  Mirror, 

I  ront  Surface 

Low  Scatter,  Nickel  Mirror 

Low  Scatter,  Cioltl  Coaled  Nickel  Mirrors 

Ckrid  on  Copper  Mirror 

KKS-5  &  Zinc  Selenide  Multiple  Internal 

Keileclance  lilements 

Aluminized,  I'used  Silica  Mirror,  Second 

Surface 


H  IT 


Appendix  B,  Experiment  Descri, 

rviLV.: 

IRAY 

LOCATION: 

PRINCirAL 
INVLSl  IGA  TORS: 

OPIICAL 

MAILUIALS: 


Experiment  M0003-14 


QCM  Monitor 
D3,  09 


W.K.  Stuckey,  and  G.  Radhnkiishnan 
Aerospace  Corporation 

D.  Wallace 

Onart/,  Crystals 

Coated  with  150  A  ol  InOVOOOO  A  (AL+AhO.) 
Quart/  Crystals 

Coated  with  150  A  ol  ZnS/yOOO  A  (AL+ALiO>) 


It  14 


Apix’ndix  B,  Experinienr  Descriptions 


Experiment  S0014 


TITLE: 


TRAY 

LOCATION: 


J’RINCirAL 

INVLSIIGAIOKS: 


OPTICAL 

MAl'LRIALS: 


Advanced  PhnUJvollaic  Experiment  (APEX);  Preliminary 
Flight  Results  and  Post-Flight  Findings 


David  J.  llrinker,  J<din  Hickey  (Sc  The  Eppley 
David  Scheiinan  Labt)ratt)ry,  Inc. 

NASA  Lewis  Research  Center  Newport,  RI 

Cleveland,  OH 


APEX  SOLAR  C’l  LL  1  YPES 

Silicon:  USK/BSI',  vii)let,  vertical  junction,  textured, 
S.V  cm  PEP,  2  mil  thick 
Gallium  arsenide:  I.Pli 

Standards:  Balloon,  rocket,  airplane,  radiation 
damaged 

Cioverglass:  fused  silica,  V-  and  U-grooved,  ceria 
doped  microsheet 

ABSOLU  l  ECAVn  Y  RADIOME  l  liR 

DKii  rAi.  ANt:Li;  sun  se:ns()R 


li  13 


ApiH'iidix  B,  Expcriinerii  Descriptions _ 

Experiment  S0050 


TITLE: 


Eftects  of  Long  Duration  Exposure  on  Active  Optical 
System  Components 


TRAY 

LOCAIION: 


I’KINCIPAL 

INVESlIGAl’ORS: 


M.  Donald  Blue 
Georgia  Tech.  Res.  Institute 
Georgia  Inst,  of  Technology 
Atlanta  GA 


orncAL 

MATERIALS: 


PASSIVE  C'OMPONEN'TS 
Black  Paint  Samples 
Neutral  Density  I'ilters 
Narrow-Band  IT  Iters 
Laser  Mirrors 
Hot-Mirror  Tilter 
I.yinnn-Alpha  ITlter 
UV  Tilter  1600A 
LiT  Window 
AlMgTi  Mirror 
Optical  Cilasses 
MgTj  Window 
ALOi  Window 
35-min  UV  film 
Various  Optical  (’.lasses 
Black  Polyethylene 


ACT  IVE  COMPONENTS 
A  DP  Modulators 
Channeltron  Array 
GaAlAs  Laser  Diodes 
GaAsP  LED 
Nd:  YAG  Rods 
CO2  Waveguide  Laser 
HeNe  Laser  Holographic 
Crystals 

Laser  ITash  Lamps 

DM  EC  TORS 
Silicon  PIN 
Silicon  PV 
Silicon  Gamma-Ray 
InGaAsP  PV 
InSh  PV 
PhS 
i’bSe 

HgCd'Pe  PV 
HgCd  Te  PC 
PdSi  Arrays 
Pyroelectrics 
UV  PMT 
UV  Silicon 


m 


# 


m 


B  it) 


e  o  # 


Appendix  B,  Experiment  Descriptions 


Experiment  S0050-1 


m 


TITLE: 


TRAY 

LOCAIION: 


Effects  of  Long  Duration 
Exposure  on  C)ptical  Systems 
Components 


E5 


PRINCIPAL 

INVESIICATORS: 


Gale  A.  Harvey 

NASA  Langley  Research  Center 
Hampton,  VA 


m 

m 


orriCAL 

MA'IEKIAI.S: 


OPTICAL  WINDOWS 
Cal. 


Mg!'. 

Lil 


A  L(  ) <  (sy  n  I  lie  t  i  c  S  a  p  p  h  i  re ) 
SiO. 


H  17 


Appendix  B,  Experiment  Descriptions 


Experiment  S0050-2 


TITLE: 


Effects  of  Long  Duration  Exposure  on  Optical 
Substrates  and  Coatings 


TKAY 

LOCATION: 


PRINCIPAL 

INVESTIGAIORS: 


John  Vallimont  and  Keith  Mavey 
Eastman  Kodak  Company 
Rochester,  NY 


OPriCAL 

MATERIALS: 


Kodak  included  12  substrate  and  coating  samples  on 
the  LDEE  structure.  There  were  3  fused  silica  and  3 
Ultra  Low  Expansion  (ULE)  uncoated  glass  samples, 
2  ULE  samples  with  a  higli  reflectance  silver 
coating,  and  2  fused  silica  samples  coated  with  an 
antireflectance  (AR)  coaling,  and  2  fused  silica 
samples  with  a  solar  rejection  coaling.  I'hc  samples 
were  32  mm  diameter  by  1  mm  thick.  A  set  of 
duplicate  control  samples  was  also  manufactured 
and  stored  in  a  controlled  environment  for 
comparist)n  purposes.  ULE  glass  is  described  as  not 
tolerant  of  the  radiation  environment,  and  was 
expected  to  show  some  radiation  darkening. 
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Appendix  B,  Experiment  Desc  riptions 
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C.1  REFERENCES  FOR  CHAPTER  3 
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NASA  Conference  Publication  3134,  Part  1,  June  1991. 
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Atomic  Oxygen 
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A 

APEX 

Advanced  Photc voltaic  Experiment 

V 
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AR 

Antireflectance 

e 

B£R 

Burst  Error  Rates 

m 

BMDO 

Ballistic  Missile  Defense  Organization 

m 

BRDF 

Bi-directional  Reflection  Distribution  Function 

m 

CN 

Cumulative  Number 

• 

• 
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DHW 

Double  Halfwave 

DNA 

Defense  Nuclear  Agency 

• 

DoD 

Department  of  Defense 

• 

DPCA 

Data  Processor  Control  Assembly 

• 

EO 

Electro-optical 

• 

EDAX 

Energy  Dispersive  X-ray  Analysis 

A 

EPDS 

Experiment  Power  &  Data  System 

w 

• 

ESCA 

Electron  Spectroscopy  for  Chemical  Analysis 

• 

EUV 

Extreme  ultraviolet 

• 

FO 

Fiber  Optics 

• 

FUR 

Fourier  Transform  Infrared 

• 

GEO 

Geosynchronous  Earth  Orbit 

• 

A 

HRSMI 

High  Resolution  Scatter  Mapping  Instrument 

9 

• 

IF 

Interference  Filter 

IMMA 

Ion  Microprobe  Mass  Analyzer 

w 

• 

m 

Infrared 

• 

KSC 

Kennedy  Space  Center 

• 

LDEF 

Long  Duration  Exposure  Facility 

9 

A 

LEDs 

\  'gljt  Emitting  Diodes 

9 

A 

LEO 

Low  Earth  Orbit 

99 

9 

9 

MEO 

Medium  Earth  Orbit 

9 

D-1 

9 
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D,  List  of  Acronyms 


Mn^STD 

Military  Standard 

MSFC 

Marshall  Space  Flight  Center 

MTF 

Modulation  Transfer  Function 

MTM 

Magnetic  Tape  Memory 

NASA 

National  Aeronautics  «&  Space  Administration 

NEFD 

Noise  Equivalent  Flux  Density 

NORAD 

North  American  Aerospace  Defense 

NRZ 

Non-Retum-to-Zero 

OTDR 

Optical  Time-Domain  Reflectometer 

PL 

Phillips  Laboratory 

PNTDs 

Plastic  Nuclear-Track  Detectors 

QCM 

Quartz  Crystal  Microbalance 

RCVR 

Receiver 

SEM 

Scanning  ElecU'on  Microscopy 

SNR 

Signal-to-Noise  Ratio 

SPENV 

Space  Environment 

SSM 

Second  Surface  Mirror 

SSN 

Sunspot  Number 

TC 

Thermal  Control 

THW 

Triple  Halfwave 

TIS 

Total  Integrated  Scatter 

TLDs 

Thermoluminescent  dosimeter 

ULE 

Ultra  Low  Expansion 

USAF 

United  States  Air  Force 

UV 

Ultraviolet 

XPS 

X-ray  Photoelectron  Spectoscopy 
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This  appendix  contains  the  photographs,  data  graphs,  and  reference  citations  for  data 
referred  to  in  Chapter  4.  For  each  graphic  presented,  the  literature  source  for  the  information, 
the  experiment  number  on  which  the  sample  was  flown,  and  a  brief  comment  on  the  graphic  are 
presented  to  allow  the  reader  to  coirelate  this  information  back  to  Chapter  4  directly. 
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Exposure  on  Optical  Substrates  and  Coatings. 
LDEF  Second  Post-Retrieval  Symposium,  June 
1992,  p.  1393 
50950-2 

Multiple  fractures  occurred  at  the  impact  site. 
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Figure  E.2.  Impact  Effects  on  7940  Fused  Silica 
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(LDEF)  Experiment  M(X)03  Meteoroid  and  Debris 
Survey.  LDEF  Second  Post- Retrieval  Symposium, 
June  1992,  p.  395. 
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Local  radial  cracking  wliich  does  nol  propagate  a 
great  distance  from  impact  site. 
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Figure  E.3.  SEM  of  Impact  on  Fused  Silica 
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Symposium.  June  1992,  p.  537 
AO  172 

JetLiffg  molten  glass  extends  from  crater.  Fi!>ers 
100  pm  long  extending  from  impact  zone. 
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Figure  E.4.  SEM  of  Impact  on  Zerodur 
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Central  pit  is  surrounded  by  a  zone  of  fragmented 
material  with  numerous  radial  cracks.  Annular 
region  adjacent  to  crater  mi.ssing  numerous 
fragments.  Debris  from  fragmented  area  captuied 
in  melt  zone. 
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Symposium.  June  1992,  p.538 
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No  melting.  Fragmentation  of  the  order  0.5  pm. 
Damage  similar  to  impacts  with  melt  except  in 
central  fission  zone. 
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Figure  E.6.  SEM  of  Impact  on  Pyrex 
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Damage  extends  five  times  central  pit  radius. 
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Unsymmciric  splash  due  to  oblique  impact.  Crater 
is  circular. 
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Bubbles  escaping  the  mcll  region  indicate 
icmpcraiurc  and  prc.ssurcs  at  impact  exceeded  those 
for  vaporization. 
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SAMPLE 


CENTRAL  MELT 
PIT  DIAMETER 
(Mm) 


CRATER 

DIAMETER 

(pm) 


SPALL  SURFACE 
DIAMETER 
(Mm) 


BK-7 

40 

100 

Fused  silica 

50 

120 

Soda-Lime-Silica 

80 

175 

Pyrex 

85 

200 

Zerodur(I) 

None  Measured 

100 

Zerodurfll) 

75 

200 

Zerodur(III) 

50 

150 
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Figure  E.9.  Impact  Site  Damage  Size 
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Micrometeorites.  LDEF  Second  Post-Retrieval 
Symposium,  June  1992,  P.53'1 
A0172 

Spall  surface  diameter  on  the  order  of  factors  of  2 
or  greater  than  the  oater  diameter. 
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REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Havcy,  KeiUi,  Mustico.  Arthur,  and  VallimoiU, 
John.  Effects  of  Long  Term  Space  Environmeiil 
Exposure  on  Optical  Substrates  and  coatings 
(S0Q50-2).  LDEF  Second  Post-Retrieval 
Symjx)siuin.  June  1992,  p,1394 
S0050-2 

Cleaning  relumed  pcrfomiancc  to  pre-flight  values. 
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Figure  E.ll.  Spectral  Transmission  of  Uncoated  ULE™  Sample 


REFERENCK: 


EXPERIMENT: 

COMMENTS: 


Havey.  Keitli,  Mustico.  Arthur,  and  Vallimoiit, 
John,  Effccl.s  ol  Long  Term  Space  Environment 
Exposure  on  Optical  Substrates  and  coatings 
(S0050-2),  LDEF  Second  Post-Retrieval 
Symposium,  June  1992,  p.l394 
S0050-2 

Cleaning  returned  performance  to  pre-flight  values. 


Appendix  E,  LDEF  Photographs  and  Data  References 


Ratioed 

UV  Transmission  ol  CaF2  Window 


WAVELENGTH  (nm) 


Figure  E.12.  Ultraviolet  Transmission  of  CaF^  Window 


RKFERKNCE: 


EXPERIMENT: 

COMMENTS: 


Harvey,  Gale  A.,  El'fccis  ol  Long-Dural  ion 
Extxrsurc  on  Optical  System  Componcnls.  LDEF 
First  Post-Retrieval  Symposium,  June  1991, 
p.  1338 
SOO.'iO-l 

Organic  film  on  both  sides.  Catastrophic  loss  in 
UV  transmission.  Transmission  increa.scs  from 
almost  zero  at  200  nm  to  50  percent  at  380  nm. 


0-13 
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UV  Transmission  of  MgF2  WinOOw 
Conlrol  _ 


WAVELENGTH  (nm) 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Harvey,  Gale  A.,  Effects  of  Long  Duration 
Exposure  on  Optical  System  ComDonenls.  LDEF 
First  Post-Retrieval  Symposium,  June  199 1 ,  p.  1 339 
S0<)50-I 

Organic  film  on  front  side  only.  Catastrophic  loss 
in  UV  transmission. 


Tronsmluonc# 


REFERENCE: 


EXFERIMF'NT; 

COMMENIS: 


Harvey,  Gale  A.,  EITccls  of  LonH-Duralioii 
Exix).suie  oil  Opiical  Sysicm  Coniponem.s,  LDEF 
Firsi  Po.si-Reiiieval  Symi)o.sium,  June  199  i ,  p.  1 340 
S()050-I 

CaUislrophie  l().s.s  in  UV  iransmission. 


5?  H  CS  <  Z 
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RKFERENCK: 

Harvcv.  Gale  A..  Eftccis  of  Lone-Duration 
Exiwsurc  on  Optical  System  Components,  LDEF 
First  Post-Retrieval  Symjxrsium,  June  1991, 
p.  1339 

EXPERIMENT: 

50050-1 

COMMENTS: 

Organic  film  on  both  .surfaces.  Caiasu-ophic  loss  in 

UV. 
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Figure  E.16.  Vacuum  Ultraviolet  Transmission  for  LiF  Window 


REFEKKNCE: 


EXPERIMENT: 

COMMENTS: 


Harvey.  Gale  A..  EITccis  of  L.ona-Duralion 
Expo.surc  on  Opiicai  Sysiem  Componeni.s.  LDEF 
First  Post-Retrieval  Symposium.  June  1991. 
p.  1340 
SOO.^0-1 

Catastrophic  loss  in  UV. 
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SAMPLE 

PRE¬ 

FLIGHT 

POST¬ 

FLIGHT 

AFTER 

CLEANING 

CONTROL 

SAMPLE 

Fused  Silica 

9.26T 

35.3C 

2.27T 

10.7T 

ULETM 

9.51T 

38.5C 

8.0T 

17.1T 

T  iadicates  tension  stress 
C  indicates  compression  stress 


Figure  E.17.  LDEF  Uiicoated  Refractive  Optics  Stress  Data 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Harvey,  Gale  A..  Effects  of  Long-Duration 
Exposure  on  Optical  System  Coiiiponenls.  LDEF 
First  Post-Reirieval  Symposium,  June  1991, 
p.  1340 
S0050-1 

Catastrophic  loss  in  UV. 
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REFERENCE: 

Hawkins,  Gary  J.,  Seeley.  John  S.,  and  Hunneman, 
RoRcr.  Exposure  lo  Space  Radiation  of  High- 

Pcrfomiancc  Inirarcd  Mullilavcr 

Filters  and 

Materials  TcchnologY  Experiment  (AOO.S6),  LDEF 

First  Post-Retrieval  Symixrsium, 
p.  1491 

June  1991. 

EXPERIMENT: 

AOO.SG 

COMMENTS: 

Cleaving  of  the  substrate. 
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Figure  E.19.  LDEF  Mechanical  Strength  Data  for  Uncoated  Refractive  Optics 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Wiedlocher.  David  E.,  and  Kinser,  Donald  L,, 

Cratering  in  Glasses  Impacted  by  Debris  or 

Niicrometeorites.  LDEF  Second  Post-Retrieval 

Symposium,  June  1992,  p.  534 

A0172 

None. 
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REFKRKNCK: 


EXPERIMENT; 

COMMENTS: 


H;irvcy.  Gale  A..  EITccis  of  Loii»-Duratioii 
Extx)suic  on  Oniicai  Sysicm  Components,  LDEF 
Fiisl  Posl-Rcuicval  Symposium,  June  1991, 
p.  13.T3 
S00,50-l 

Sharp  cdgc.s  of  adFcring  film  indicate  that  the  film 
is  brittle. 


KEFKRENCE; 


EXPERiMENl; 

COMMENTS: 


Hur\'cy.  Gale  A.,  ElTecIs  of  L()nt;-Duration 
Exix>suie  on  Optical  Svsiem  Componenls,  I.DF.F 
First  Posi-Rciricval  Symprrsium,  June  1991, 
p.  1336 
S0050-1 

Slight  decrease  in  traiisniittance  due  to 
conttiminaiion  on  MgFj. 


E-22 
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3.4  Absorption  on  LiF  Window 
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Figure  E.22.  3.4p  Absorption  on  Front  Surface  of  LiF  Window 


REFERENCK: 


EXPERIMENT: 

COMMENTS: 


Harvey.  Gale  A..  El'lccls  of  Lona-Duialion 
Expo.siiie  on  Opiical  .Sy.sic.tn  Componcnl.s.  LDEF 
First  Po.st-Rctrieval  Symposium,  June  1991, 
p.  LTJ6 
SOO.SO-1 

Almost  IK)  decrease  in  transmittance  clue  to 
contamination  on  LiF. 


E-23 
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Figure  E.23.  Film  on  LiF  Window 


REFERENCE: 

Harvev,  Gale  A.,  EITccls  of  Long-Duration 
Exposure  on  Optical  System  Components,  LDEF 
First  Po.st-Rctiieval  Symposium.  June  1991, 
p.  1333 

EXPERIMENT: 

500.30-1 

COMMENTS; 

Surface  film  apiJcars  sprayed  on. 
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Figure  E.24.  3.4(i  Absorption  on  Front  Surface  of  AI^Oj  Window 


RKFRRKNCK: 


KXl’KRIMKNI 

COMMENTS: 


Harvey,  Gale  A.,  Ertccls  of  Lona-Duralion 
Exixrsure  on  Opiical  Sysicni  Components.  LDEF 
First  Post -Retrieval  Symposium.  June  1991, 
p.  1337 
.S(X).S(M 

Little  cliangc  in  traiismillancc  due  tu  coaiainiiiaiioii 
on  ALO,. 
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Figure  E.25.  3.4jji  Absorption  on  Si02  Window 


REFERENCE: 

Harvey,  Gale  A..  Effccl.s  of  Lona-Duraiion 
Exix)surc  on  Oolicai  Sv.slcm  Comixments,  LDEF 
First  Post-Rcljicval  Symjxisium,  June  1991, 
p.  1338 

EXPERIMENT; 

S0050-1 

COMMENTS: 

Little  change  in  iransmitta.KC  due  to  cont:uninalion 

on  SiO;. 

REFERENCE: 


EXPERIMENT; 

COMMENTS: 


# 


Harvey.  Gale  A..  Kfl'ccls  of  I.ong-Duration 
Exposure  on  Oplical  System  Comnonent.s.  LDEF 
Fir.st  Po.sl-Rclricval  Symposium.  June  1991. 
p.  13.Ti 
SOQ50-\ 

Little  change  in  traasmittance  due  to  contamination 
on  CaF-,. 


E-27 


Figure  E,27.  Graph  of  Scattered  Intensity  vs.  Detector  Angle  for 
Four  MgFj/Fused  Silica  Samples 


REFERENCE: 


EXPFJRIMENT; 

COMMENTS: 


DeHaiiiaul.  Linda  L.,  Keneinuth,  John  R.„  Tidier, 
Cynthia  E..  and  Sccgmillcr,  David  W,.  Degradation 
ot  Optical  Components  in  a  $pa:\,  'ivironinent. 
LDEF  Second  Post-Rctneval  Symposium,  June 
1992.  p.  136 Iff. 

M0003-2 

Leading  edge  showed  less  scatter  (coating  removal 
by  atomic  oxygen). 


E-28 


Figure  E.28.  HRDF  Measurement  for  Silver-Coated  Fused  ULK™ 


RKFKRKNCK:  Havey,  Keith,  Mustieo,  Ailliui,  and  Vallimont, 

John.  Hlfccls  of  Loan  Term  .Spaee  Hnvironinciil 
ExiKtsurc  on  Oplical  Siibsiiaies  and  Coalings 
(S0050-2),  LDEF  Second  Post-Retrieval 
Syin(X)siuin,  June  1W2,  i).13% 

KXPKRIMKNT:  S0()50-2 

COMMKNTS:  Increase  in  scattering. 
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REFERENCE; 


EXPERIMENT: 

COMMENTS: 


Havcy.  Keith,  Mustico,  Arthur,  and  Vallimont, 
John,  Effects  of  Long  Term  Space  Environment 
Exposure  on  Optica!  Substrates  and  Coatings 
(.S0050-2).  LDEF  Second  Post-Retrieval 
Symposium,  June  1992,  p.l395 
S0050-2 

Cleaning  relumed  iteiformaitce  to  pre-flight  value. 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Havcy,  Keith,  Mustico,  Arthur,  and  Vallimoiit, 
John,  Effects  of  Long  Term  SPtXe  Environment 
Exposure  on  Optical  Substrates  and  Coatings 
(S0050-2).  LDEF  Second  Post-Retrieval 
Symposium,  June  1992,  p,1395 
S0050-2 

Cleaning  returned  performance  to  pre-flight  value. 
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Figure  E.31.  Reflectance  for  Sliver-Coated  ULE™ 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Havey,  Keith,  Mustico.  Arthur,  and  Vallimont, 
John,  Effects  of  Lone  Term  Space  Environment 
Exposure  on  Opticai  Substfates  and  Coatings 
(S0050-2),  LDEF  Second  Post-Retrieval 
Symposium.  June  1992,  p.l394 
S0050-2 

Clejming  returned  performance  to  pre-flight  value. 
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Figure  E.32.  T ransmission  for  Anti-Reflection-Coated  Fused  Silica 


r.ivE 


rcii:  Havey,  Keiih.  Mustico.  Anhur,  aiid  VallimoiU, 

John,  Effects  of  Long  Term  Space  Environment 
E-xposure  on  Optical  Substrates  and  Coalings 
($0050-2),  LDEF  Second  Post-Retrieval 
Symposium,  June  1992,  p.l393 
EXPERIMENT:  S0050-2 

COMMENTS:  Normal  cleaning  methods  ineffective.  Exposure  to 

atomic  oxygen  needed  to  improve  pcrfonnance. 
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SAMPLE 

PRE- 

FLIGHT 
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FLIGHT 

AFTER 

CLEANING 

CONTROL 

SAMPLE 

Fused 
Silica/ AR 

15.6T 

16.4T 

20.  IT 

Fused  Silica/ 
Ag 

676C 

553C 

569C 

557C 

Fused  Silica/ 
Ag/Uncoated 
side 

210T 
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ULEi«/Ag 

14.5T 

33.1C 

9.0T 

15,4T 

1'  indicates  tension 
C  indicates  compression 


Figure  E.33.  LDEF  Stress  Data  Base  For  Coated  Refractive  Optics 


REFERENCE:  Havey,  Keith,  Mustico,  Aithur,  and  Valliinont, 

John,  EITccts  of  Lone  Term  Space  Environment 
Exiwsurc  on  Optical  Substrates  and  Coatings 
(S0050-2),  LDEF  Second  Post-Retrieval 
Symposium,  June  1992,  p.l392 
EXPERIMENT:  S0050-2 

COMMENTS:  Contaminants  did  not  introduce  appieciable  stress. 


I 


0 

# 


% 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


# 


Doiu)v;ui,  T.M.,  Bennett,  J.M.,  Dalbey,  R.7„, 
Burge,  D.K..  and  Gyctvay,  S.,  Space 
Environmcnlal  Effccl.s  on  Coaled  Optics.  LDEF 
First  Post-Retrieval  Syinposiuni,  June  1991, 
p.  1370 
MO(X)3-2 

70-inonlli  exjwsure  produced  localized  chi|)ping 
and  fracture  extending  many  pttrlicle  diameters. 


E-35 
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Figure  E.35.  Fracture  Zones  on  Fused  Silica 


RKFKRKNCE: 


EXPERIMENT: 

COMMENTS: 


Donovan.  T.M.,  Benncti,  J.M.,  Dallwy,  R.Z., 
Burge,  D.K.,  anti  Gyetvay.  S..  Space 
Eiivii'oiinienlal  Effects  on  CoateJ  Optics.  L.DEF 
Firs!  Posi-Reirieval  Synijiosium,  June  1991, 
p.  1370 
MO(K)3-2 

70-inonih  exjwsure  prcxluccd  inany  impact  sites 
which  arc  potential  ureas  of  high  scatter  and 
absoiption. 
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; 


RliFKRENCK: 

Gvclvav,  S.,  ct  al.,  Aciosdp"c  Coiporation  LDEF 

e 

M0003  Sampic  Observation  Data  Base,  t993. 

A 

Record  #1125 

KXPERIMKN'I': 

MOO.13-2 

• 

COMMENTS’: 

No  cliaiigc  is  discernible  except  lor  debris. 

consisting  of  metallic  film  fragmcnl.s  and  fibrous 

w 

matter,  on  die  surface. 
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REFKRENCK:  DcHainauU  Lindii  L..  Kcncmuth,  John  R.,  Tidier, 

Cynthia  C.,  and  Sccginillcr,  David  \V..  Dearadation 
of  Optical  Coinponenl.s  in  a  Si)t)cc  Environincnl, 
LDEF  Second  Posl-Rctricval  Symposium,  June 
1992,  p.  1371 

EXPKRIMEN':’:  M0003-2 

COMMENTS:  7()-momh  expo.surc.  Scatter  inlciusity  from  crater 

is  five  order.s  of  magnitude  lliat  of  background. 
Fracture  lines  arc  high  scatter  sites. 
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Figure  E.38.  Fused  Silica  Scatter  Map 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


DcHaiiiaut,  Linda  L.,  Kcncinulli,  Jolin  R.,  Tidier, 
Cyndiia  E..  and  Sccgmillcr.  David  W.,  Degradation 
of  Oi)(ieal  Coinponenis  in  a  Smtec  Environment. 
LDEF  Saond  Post  Retrieval  Symposium,  June 
1992,  p.  1371 
M0003-2 

70  inonlJi  cx|)osurc.  Scatter  varies  by  two  orders 
of  magnitude  across  surface. 


BRDF  (1/sr 
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Uncoatod  Fused  Silica 

exposure:  Leading  Edge.  70  Months 


Measurement  Wavelength  =  0.C33  ;i 


Incident  Beom:  S-polori7ed 
Detected  Beam:  P-polorized 

BBEiB0  No  Cleaning  ol  Siiiface 

Air  Poof  of  Enti'^e  Surface 
00^^  Alcohol  Droq  of  1/2  of  Surface 


Cleaned  \ 
Surface  . 


Unexposed  Surface 
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Delector  Angle  Relollve  to  Soniple  Normol  (rfrigrees) 


Figure  E.39.  Effects  of  Cleaning  on  Fused  Silica  Scatter 


# 

# 


REFERENCE: 

DeHainaut,  Linda  L.»  Kcncmulh,  John  R.,  Tidier, 
Cynthia  E.,  and  Sccumillcr,  Duvid  VV.,  r)cm'a(.iation 
of  Optical  Components  in  a  Space  Environmcnl, 
LDEF  Second  Posl-RcUieval  Symposium,  June 
1992,  p.  1372 

EXPERIMENT: 

M0003-2 

COMMENTS: 

70-inonth  expo.surc.  Cleaning  reduced  scatter  three 
orders  of  magnitude. 

# 


BRDF  (1/sr) 
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Figure  E.40.  Exposure  Effects  on  Fused  Silica  Scatter 


REFERENCE: 


EXPERIMENl: 

COMMENTS: 


DcHainaut,  Linda  L..  Kcncinuth.  John  R.,  Tidier, 
Cyntliia  E..  and  Sccgmiilcr.  David  W.,  Dcmadaiion 
of  Onlical  CointxMicnl.s  in  a  Space  Environment. 
LDEF  Second  Posl-Rctricval  Symposium,  June 
1992,  p.  1372 
M0003-2 

Leading  edge  70-moiUh  exposure  simihu  to 
9-monlh  cx|)osiire. 
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REFERENCE: 

Cliarlicr,  Jean.  Vacuum  Deposited  Optical  Coatings 

• 

Experiment,  LDEF  First  Post-ReUievai 

Symtx).sium,  June  1991.  p.  13.54 

A 

EXPERIMENT: 

AO  138-4 

V 

COMMENTS: 

Outsidc/iiisidc  .samjtlcs  have  sigiiilictintly  reduced 

• 

reflectance  over  all  wavelengths. 

# 


# 


E-42 
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RKFERKNCIi: 


KXPICRIMKNT; 

COMMENTS: 


Cluirlici,  Jkiii.  Vitcuiini  DcDosital  Oi)liu;il  Coaliints 
Expcriiiiciil.  LDHF  I'irxl  Post-Rclricval 
SyiiijKi.siuiu.  June  1991.  p.  K1.S4 
AO  138-4 

Oulside/insidc  .sjimjjlc.s  showed  liiile  change  in 
rcficclance. 
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Figure  E.43.  Reflectance  Measurements  For  Al^Oj-Ag/Kanigen  Mirror 


REFERKNCE: 


EXPERIMENT: 

COMMENTS: 


Charlier,  Jean,  Vacuum  Deposited  Optical 
Coatings  Experiment.  LDEF  First  Post- 
Retrieval  Symposium,  June  1991,  p.  1358 
AO  138-4 

Outsidc/inside  samples  had  significantly 
reduced  reflectance  except  at  the  blue  end. 


« <11 


Appendix  E,  LDEF  Photographs  and  Data  References 


I'' 


Figure  E.44.  Reflectance  measurements  for  AI-MgFj/Kanigen  Mirror 


REFERENCE: 


EXPERIMENT; 

COMMENTS: 


Charlicr,  Jean.  Vacuum  Dcnosiip-d  Optical  Coatings 
Experiment.  LDEF  First  Post-Retrieval 
Symposium.  June  1991,  p.  1355 
AO  138-4 

Inside  sample  had  significant  reduction  in 
reflectance  at  upper  end.  Outside  sample  had 
significant  reduction  across  the  entire  band. 


E-45 
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250  NM  DIELECTRIC  UV  MIRROR 
OM  B1664  GLASS  SUBSTRATE 
FLIGHT  SAMPLES 
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GAVE LENGTH  (NANOMETER) 

Figure  E.45,  Reflectance  Measurements  for  250  nm  Dielectric/GIass  Mirror 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Charlicr,  Jean.  Vacuum  Deposiled  Optical  Coatings 
Experiment.  LDEF  First  Post -Reirieval 
Symposium.  June  1991,  p.  1356 
A0138-4 

Inside  sample  showed  slight  shift  in  reflectance. 
Outside  sample  had  a  slight  shift  at  the  high  end. 
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Figure  F,.46.  H'ransniission  measurements  for  AR  on  B1664  Glass  Mirror 


REFERENCE: 

Chariier.  Jean,  Vacuum  Detrositcd  Oolical  Coatings 
Experiment,  LDEF  First  Post-Retrieval 
Symposium,  June  1991,  p.  1360 

EXPERIMENT: 

AO  138-4 

COMMENTS: 

Inside  sample  showed  a  significant  reduction  in 
Uansmiltance  at  the  blue  end.  Outside  sample  had 
a  significant  reduction  at  the  blue  end  atid  a  slight 
reduction  at  the  upper  end. 
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Figure  E.47.  Impact  Damage  On  MgFj  Coated  Fused  Silica 


REFERENCE: 


EXPERIMENT; 

COMMENTS: 


DcHaiiiaut.  Linda  L..  Kenemuth.  John  R.,  Tidier, 
Cynihia  E..  and  Sccgmillcr,  David  W..  De^jradaiioii 
of  Opiical  Comixnicnts  in  a  .Space  Environment. 
LDEF  Second  Posl-Rctricval  Symposium,  June 
1992.  p.  1369 
M0003-2 

L<K:ali/,cd  (.kintagc. 
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m 

# 


REFERENCE:  M.J.  Mcshishnck,  S.R.  Gycivay,  K.W.  Pashcn,  :uicl 

J.M.  Coggi,  Long  Duraiion  Exposure  Faeility 
(LDEF)  ExpcrinienI  M(M)03  Meteoroid  and  Debris 
Survey,  LDEF  Saond  Post -Retrieval  Syniposium, 
Part  2.  June  I  -  5  1992,  p.  397 
ICXPKRIMENT:  M()0()3-7 

C'OMMENTS:  tJamage  layer  has  been  removed  due  to  UV/atoniic 

oxygen 


9 

e 
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Figure  E.49.  Impact  Damage  on  Coaled  Molybdenum 


RKFERKNCK:  DcHainaul,  Linda  L.,  Kcnemutli,  John  R.,  Tidlci, 

Cyniliia  E..  and  Sccgmillcr,  David  W.,  Degradation 
of  Optical  Comix)ncnts  in  a  Space  Enviioiimcnl. 
LDEF  Second  Posl-Rclricval  Sym])o.siuin,  June 
1992,  p.  1369 

KXPKRIMKNT:  M()(K)3-2 

COMMENTS:  Damage  arcii  many  limes  crater  si/e.  Coating 

failure. 
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Figure  E.50.  Spiral  Cracks  and  Blisters  on  (Al20,/Si)^/Ag  Mirror 
on  Polished  Si  Substrate 


RKKKRENCE;  Gyctvay.  S.,  cl  al..  Aerospace  CoiTX)ration  LPEF 

M0003  Sample  Observation  Data  Base.  1993, 
Record  H500 

HXPERIMENT:  M0003-7 

COMMENTS:  Three  small  impact  craters,  suiTounded  by  localized 

cracking,  arc  evident  on  exposed  coating  surface. 
The  coating  is  cracked  in  spirals  at  the  perimeter  of 
the  exposure  tu'ca.  The  coating  apixjitrs  to  be 
blisteied  in  the  vicinity  of  the  spiral  cracks. 
Flaking  in  the  cracked  region  has  revealed  a 
corroded  and  discolored  residual  surface. 
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.  ••  .••*</.  A  r/-  -i  ‘H. 


Figure  E.51.  Macrophotograph  of  Crazed  and  Discolored  AIjOj  Coating 
on  SiOj  Substrate 


REKKRENCK: 


EX.’ERIMENT: 

COMIMENIS: 


Gycivay,  S.,  cl  al..  Aerospace  Conwrjiioii  LDEF 
M0003  Sample  Obsci-valion  Data  Base.  1993, 
Record  #635 
M0003-7 

Fine  fractures,  which  iiucrsecl  and  tenninatc  in 
defects  in  the  coating,  arc  barely  discernible  in  the 
exjio.seu  surface  of  Uic  cr)aiiiig.  Tncre  are  s(jn)c 
sniiill  areas  where  the  coating  has  flaked  away  to 
revcid  the  smooth  surhicc  of  the  subsUatc.  A  small 
nunilrer  of  individual  blisters  or  bubbles  tue 
disceniible  in  the  coating.  These  features  vaiy  iii 
size,  arc  randomly  distributed,  ;ind  .'ue  globtilly 
present  on  tltc  surfttce.  One  possible  small  impact 
crater  is  apparent  on  the  cimtlnviud  side  of  the 
sample.  A  great  deal  of  cxu-ancous  debris  is 
present  on  the  cotiting  surface. 
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Figure  E.52.  Crazed  and  Discolored  AsjScj  Coating  on  SiOj  Substrate 


RKFERENCK: 


EXPKRIMENl : 
COMMENTS: 


Gyclvay,  S.,  c(  al..  Aerospace  Corporal it)n  LDEF 
M0003  Sample  Observation  Data  Base,  1993, 
Record  #639 
M0003-7 

Coaling  apjKSir.s  non  uniforin  iti  color  lo  tlie  eye. 
At  higli  niagiiificalion.  it  is  ai)()urcnl  lhal  the 
expo.se  surface  is  crazed  and  that  tlie  observed 
vanalion  in  color  is  due  to  Uie  presence  of 
contiguous  green  jwtehes  in  the  otherwise  pink 
coaling.  There  arc  no  di.sccrnible  morphological 
features  as.sixialcd  v/ith  the  greeit  patches  and  they 
do  not  corix:.spond  lo  the  crazed  fraginenls  in  (he 
coating  in  any  di.sccrnible  way. 
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REFKKKNCK; 


KXl’lCRIMENI: 

COMMKNIS: 


Gyetvay,  S.,  cl  al.,  Aerospace  Conwralioa  l-Olil' 
M0003  Sample  Observation  Data  Base.  1 993 , 
Record  #1 106.07 
M()003-6 

Small  quaiility  ol  dchri.s  on  suil'ace.  No  oilier 
clianuc.s  are  di;>cernible. 


l':-54 
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Fiijurc  F.54.  Contuiuinution  Spots  on  Surface  of  Cra/cd  MgF2  Coaling  on  SiOj 
Substrate 


RKFKRKNCIC: 


KXI’FRIMKM': 

COMMENTS: 


Gycivay,  S.,  ct  al..  Aerospace  Coi|)ur.ili()ii  LDEF' 
M0(X)3  Sample  Observation  Dala_Basc.  1993. 
Record //1 128 
M(KK)3-2 

linlirc  coaling  is  cnizcd.  A  grciit  dail  of 
cxUancous  debris  including  filaous  mailer  and 
inelallic  film  fragincnis  is  prescnl  on  surface. 
There  :ire  Ihrcc  liu'gc  sjm)1s  of  debris  on  Ihe 
.spaccwiud  side  of  Ihc  .sjunplc  where  Ihe  coaling  is 
more  extensively  cra/.ed.  There  :ire  blislcis  around 
lhe.se  spots  oi  debris. 
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I'iyure  K.55.  Ituckicd  ZnS  Couting  on  SiO^  Substrate 


RKI'KRKNCK: 


KXPKRIMKNl: 

COMMENTS: 


(iyclvay,  S.,  el  al.,  Aeiosnwc  (-()iiH)nUiuii  LDiU' 
M(XX);<  .Sainnle  Observation  Data  Base.  199'<, 
Record  tfMi) 

MOOO;C7 

Coatiiij;  is  buckled  in  a  regular  |iiiltcm  on  two  large 
areas  of  (lie  surface.  Tiic  entire  coaling  on  this 
.s;«nplc  is  blisteral.  Uugc  blisters,  exhibiting  many 
outers  of  iiuerfercnce  fringes,  are  discernible  on  the 
surface  ol  the  .sample  al  low  magnificalion.  In 
addition,  a  high  density  of  very  .small  blisters  is 
apparent  diroiighoiit  the  coaling  at  magnifications 
of  2(K)X  and  greater.  'Ilie  surface  is  rclalivcly 
clean  of  debris. 
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I'igiu’o  I<;,56. 


Uiyli  Mui’iiiricutioii  View  cf  Sui'fuce  of  ('razed  and  Discolored  Al^O, 
(^mtiny  on  SiOj  Substrule 


uI';M':rknc:k 


KXrKkIMIONT; 

COMMENTS; 


(iycivay,  S.,  lU  al.,  Acruspacc  ('oi|)oralk)ii  l.Dlil' 
M(KX)3  Saiimle  Ol'scrvulioii  Oala  Base.  ^>'>3, 
Rccctrd  W(t3.‘i 
M(KK)3-7 

I'iiic  Iracnires,  wliicli  inlcrscct  and  icnninalc  in 
defects  in  die  coulii'x.  tne  l)iuely  diseeinihle  in  the 
Ciijjoscd  .surfiice  i)l  ii'ic  coaiiii};.  lliere  are  .some 
•smiill  areas  wlieie  the  coiitiny,  lias  flaked  away  to 
reveal  the  sin(K)tli  .surface  of  llie  subsUate.  A  small 
mtinber  »>!  individuiil  blisters  or  bubiilcs  are 
discernible  in  the  coaling.  Thc.se  features  v;uy  in 
si/,e,  arc  randoinly  disirihuletl,  iind  are  globally 
present  on  the  surface.  One  possible,  sniidl  imiiacl 
crater  a|)parcni  on  the  earthward  side  ol  the 
sample.  A  great  de:d  of  extraneous  debris  is 
pre.senl  on  the  coaling  siitliice. 
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Figure  E.57.  Surface  of  Crazed  MgF^  Coating  on  SiOj  Substrate 


REFERKNCE: 


EXPERIMENT: 

COMMENTS: 


Gycivay,  S..  ct  al..  Aerospace  Corporalion  LDEF 
M0003  Sample  Observation  Data  Base.  1993, 
Record  #1128 
M0003-2 

EiUirc  coating  is  crazed,  A  great  deal  of 
extraneous  debris  including  fibrous  matter  and 
rncjaliic  fiiin  fragments  is  present  on  surface. 
There  arc  three  litrgc  spots  of  debris  on  the 
spaceward  side  of  the  .sample  where  the  coating  is 
more  extensively  crazed.  Tliere  arc  blisteis  around 
these  spots  of  debris. 
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Figur  e  E.58.  Surface  of  Crazed  MgFj  Coating  on  SiOj  Substrate 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Gyetvay,  S..  ct  al..  Aerospace  Corporation  LDEF 
M0003  Sarnpic  Observation  Data  Base.  1993, 
Record  #1128 
M(XX)3-2 

Entire  coating  is  crazed.  A  great  deal  of 
extrtincous  debris  including  fibrous  matter  and 
metallic  film  fragments  is  present  on  surface. 
There  arc  three  large  spots  of  debris  on  the 
spaceward  side  of  the  .sample  where  the  coating  is 
more  extensively  crazed.  There  arc  blistcis  around 
these  spots  of  debris. 


Figure  E.59.  High  Magnification  View  of  Haze-Producing  Dendritic  Growth  on  Surface  of 
(Al20yZnS)'*/Ag  Mirror  on  Polished  Molybdenum  Substrate 


RKFKRKNCK: 


KXPKRIMFNl: 

COMMKNI’S: 


Gycivay,  S.,  ct  al..  Aerospace  ConH)rali(ai  LDEF 
M(X3()3  Sample  Obscrvaiion  Data  Base.  1993. 
Record  H.S66 
M0(X)3-7 

Coating  apirears  hazy  and  di.scolored  on  exiH)sed 
suii'ace.  Multiple  zones  of  di.scoloration  are 
apparent.  Variation  in  discoloration  is  result  of 
varying  degrees  o(  dendritic  growth.  A  high 
density  of  sjxtls  is  apparent  over  the  entire  ctxtting. 
Grain  lx)iindaries  in  the  subsirate  ;ue  apparent 
through  the  coaling. 


E-6() 
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REFERENCK: 


expe:riment; 

COMMENTS: 


Gyctvay,  S..  cl  al..  Aerospace  Corporation  LDEF 
M0003  Sample  Observation  Data  Base.  1993, 
Record  #636 
M(X)03-7 

A  great  deal  of  debris  is  present  on  tlic  coating 
surface.  Nevertheless,  tlie  surface  remains  highly 
specular.  At  least  four  small  circular  aicas 
surrounding  deposits  apparent  on  surface.  Tlmse 
rc.semble,  but  arc  not,  impact  craters.  In  these 
areas,  a  central  dejwsit  of  uncertain  origin  is 
sunounded  by  a  zone  of  rerreted  (discolored) 
coating. 
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■■;••' -ft'- ^  >■.  ':^ '  a:'  . .■•■■.'. .  ’  '  a 

*',i.ft  .’rf, '.,'‘7  .  ■  <1  ,■■■■■'  • 

oo v,.  ':.'  '  ,. 
-k  -'k  •:■  \'>  'F  '  7  ■. -• ',r',--ft'.  ; 


Figure  F-.61.  High  Magnification  View  of  PbF^  Coating  on  SiOj  Substrate 


KliFEKKNCtC; 


KXPICRIMKNl: 

COMMKNIS: 


Gyclvay.  S.,  ct  al..  Aerospace  Coiporalioii  LDEF 
M0003  Sample  Ohservalioii  Data  Base,  1 9^ 3 , 
Rceonl  #638 
M0003-7 

Coaling  a|)|x:;us  dark  rust  in  color.  Three  or  four 
Iiagc  gouges  or  .scralchcs  arc  present  in  the  coaling 
surface.  The  coating  surface  is  highly  icxtiircd  and 
replicates  a  huge  numlK;r  of  subsurface  polishing 
scralchcs.  Fealures,  which  may  be  bubbles, 
pinholes,  or  growlh  nodules  in  the  coaling  have 
formed  prefcrciUially  along  these  .scralchcs.  Spots 
of  debris,  sunouiuicd  by  leacted  maierial,  are 
rnescnl  in  Ihe  surface. 


# 
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Figure  E.62.  Pre-Launch  and  Post-Recovery  Transmission  of 
Corion  Narnw-Band  Filter  #2  (Covered) 


RI'.FERKNCli; 

M.D.  Blue  and  D.W.  Kobcrls,  GTRI.  Effects  of 
Space  Exix)surc  on  Opiical  l-ilicrs.  Applied  Optics, 

Vol.  31.  No.  2.‘>,  1  Scplcn)lx:r  1W2,  p.  52dy 

EXPERIMENT: 

StKl.SO-Z 

COMMENTS; 

Reduced  Iniiisnu.ssion. 

# 

# 

m 


E-63 


m 
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Figure  E.63.  Pre-Launch  and  Post-Recovery  I'ransinission  of 
Corion  Neutral  Density-Band  Filter  #6  (Covered) 


RKI'liRIONCt;: 

M.[).  Blue.  Crri’I.  Invcsiigaiioii  of  llie  (vffccl.s  of 
LlJIil-  on  Active  O'ptica!  ,Sy;:!eiii  Coiiiponciils, 
I'inal  Rcpoil 

KXPKRIMKNT; 

.SOOSO-2 

COMMKNTS: 

No  change  in  tian.sini.s.sion.  (Iliis  figure  is 
presented  hy  the  exix;rimeniei  for  lx)th  covered  and 
uncovered  neutral  deicsity  fillers,  for  the  covered 
filter,  the  transmi.ssion  was  unchanged  and  ils 
transmission  curve  overlays  the  pielauncli  curve 
directly.) 

Figure*  fC.64.  Pre-Launch  and  Post-Recovery  Transmission  of 
Corion  Broadband  Filter  #9  (Covered) 


m 


I 


# 


RKIF.RKNCI,; 


KXPKRIMKN'r: 

tOMMKNTS: 


M.D.  Hluc,  Ci'l'Rl,  Inve.stigalion  of  llii;  Efrci;(.s  of 
LDF.F  oil  Active  Optical  Syslcni  Coriipoiicuts, 
Final  Rcixirt 
80050-2 

No  cimnpc  in  uan.sniission.  (lliis  figure  is 
presented  by  the  exix;ninenler  for  Ixilli  covered  and 
uncoveied  IR  suppression  filters.  Filler  showed 
little  change  in  transini.ssion  and  its  transmission 
cuiA/c  overlays  the  prelaiinch  curve  almost  directly.) 


Appendix  E,  LDEF  Photographs  and  Data  References 


RKFKRKNCK: 


KXIMCKIMKNI: 


COMMKNTS: 

I  - 


Chiuiicr,  J.,  Vacuum  Deposited  Optical  Coatings 
Experiment.  LDEF  First  Fost-Rctneval 
Syni|X)Nium.  F;ul  3.  p.  1.343 
AO  1 38-4 

Reduced  transmillaiice.  shif  t  in  center  wavelength. 


H-66 
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RKFERKNCK:  Cliarlior,  J.,  Vacuum  Dc|X).sitc(J  Ojtlical  Coatiuf's 

nxpcrimcni.  Llilil’  I-'irsl  t’osl-Kclncval 
Syiii|K)siuni.  P;u1  3,  p.  1 343 
KXPIORIMKNT:  A0138-4 

C.'OMMFN  rS:  Reduced  liaiismillancc.  sliill  in  ecnlei  wavelen);th. 


I''i}»ure  10.67.  I're-Luuiich  und  Fast-Rccovfi'y  Ti'aiLsiuission  of  AI/MnK^ 
Optical  I'iller  on  Quart/  Substrate  (24.M)  A)  (Covered) 


KKMOKKNCK: 


KXrKKIMKN  T: 
COMMICNIS: 


Chiuiicr,  J..  Vacuum  Deposilcd  Optical  Coalings 
lixpcriiiicut.  LDHF  First  Post-Retrieval 
.Syn(|K)sium,  P;ul  3.  p.  I.14.< 

A()13K-‘) 

Sliglit  reduclion  in  iransmillancc  and  shill  in  center 
waveleiiglh. 
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Narrow  0ond  h'lltcr  No.  1 

^rc«nt  Tr^nimifttion 


M];urc‘  K.6S.  I're-Luuiich  and  Pust-Kecuvery  Truiisniissiun  uf 
(N)rion  Narrow-Hand  Filter  #1 


RKFKRKNCK: 

M.D.  Blue.  GTRl,  Invc.stigiilion  of  the  liffecls  of 
LDEF  on  Active  Optical  .System  Components, 
Filial  Rc|X)rl 

KXPKRIMKNI: 

.StXl.MW 

COMMKN’IS; 

Reduced  iransiiu.ssion,  center  fiequency  shift, 
broadening  of  haiidwidih. 

H-6‘; 


Trensmissicn  (percent J 
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Narrow  Sana  Pi  iter  No 
^^erceni  Transmission 


Appendix  E,  LDEE  Photographs  and  Data  References 


o 


o 


Morrow  Bond  niter  No.  4 

f'ercont  fronsmittion 


I'i^urc'  10.70. 


rro-l.uuiK'li  uiid  l*(>.s(-Koc<)vci'y  K'l  Uiisniissioii  of 
(]ori()ii  Narrow-Hand  Filler  #4 


RKFKKIONCK: 


KXI»J.KIMi;Nr: 

COMMUNIS: 


M.IX  Blue,  OTKI,  Invcslinalioii  ol  the  lilTccl.s  ol' 
I.UIB-  oil  Active  Opticai  .Sysieiii  C'uinponeni.s, 
I'iiial  Rcpoii 
.S(X)5()-2 

Reduced  liaii.sinissiuii.  center  rreqiiency  shill,  no 
;i|ii)icciable  hroadenin)',  ol  bandwidlli. 
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^!Qrrow  dana  t- liter  No.  5 

Percent  fronsniiSSion 


Woveienqlh  (nonom«ters>) 


Figure  F.71.  Prc<Launch  and  Post-Recovery  Transmission  of 
Corion  Narrow-Band  Filter  #5 


Rliii’KRKNCK:  M.P  Blue,  GTRl,  Investigation  of  the  '".ffccts  of 

LDhf’  on  Active  Optical  System  Cotn(x)nents, 
Final  Report 

EXPKUIMKNT;  SGOSO-l 

(X'lMMENTS:  Reduced  transmission,  center  fretjuency  shift,  no 

appreciable  broadening  of  bandwidth. 
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Neuiroi  Density  filter 
Percent  Ironsmission 


Figure  E.72.  Pre-Launch  and  Post-Recovery  Transmission  of 
Exposed  Corion  Neul'  vl  Density  Filter  #6 


KEFERENCK:  M.D.  Blue,  GTRl,  luvcstigalion  of  the  EITeels  of 

LDEP  on  Atlivc  Opiical  Sysleni  Coiniwnenis, 

Pinal  Repori 

EXPERIMENT;  .S0(l,S0-2 

COMMENT.S:  Incrciuse  in  transiniltuncc. 


Appendix  E,  LDEF  Photographs  and  Data  References 


Wide  Bona  filter 
Pcrccni  Transmission 


Figure  K.73.  Fre-Lauiich  and  Post-Recovery  Traiisinissiuii  of  Wide-Band 
Corion  Filters  #8  (Exp<.^sed)  and  ^  (Covered) 


RICFKRKNCK: 

M.D.  Blue,  GTRl,  Investigation  of  the  Effects  of 
LDEF  on  Active  Optical  System  Components, 
Final  Re|X)rt 

kxi»i:rimfnt: 

S005()-2 

COMMKNTS: 

No  shift  in  filler  wavelength  chtuaclerislics. 
Triuisn)is.sion  and  long-wave  rcfleclancc  degraded. 
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Figure  E.72.  Pre-Launch  and  Post-Recovery  Transmission  of 
Exposed  Corion  Neutral  Density  Filter  #6 


m 

m 


KIlFKRKNCK: 

M.D.  Blue.  GTRi.  lnvcslijialk)n  of  the  liffcels  of 
LDlil'  on  Active  Optical  System  Components, 
I'inal  Re(K)il 

r.Xl’KRIMKNT: 

,S(X)5()-2 

COMMKNTS: 

Ineicase  in  uansmiilance. 
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Figure  K.73.  Frc-Luunch  und  IVtst-Kccovcry  TransinUsiun  of  Wide-Hand 
Coriuii  Filters  #8  (Fxpttsed)  and  #9  (Covered) 


m 


KKKKRKNCK; 

M.D.  Blue,  GIEI.  Invcsligiilion  of  the  liffccts  of 
L0E1‘  oil  Active  Optical  System  Com|K)nents, 
Final  Re[K)rt 

KXI’KRIMKNI: 

S(X)5()-2 

COMMKNTS: 

No  shift  in  filter  wavelength  chiuacteristics. 
Transmission  and  long-wave  reflectance  degraded. 

# 

m 
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UV  12',^  KLIO-IT  SR1PLLG 

ON  MGF2  SUaSTROTf 


"  '  "post  f 1 ight 
insidu 

- r-) ro -  f  1 1  gJ-it 
1  ns  1  dt:" 

“""Ptjst  f  1  lyl'it 
outside 
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Figure  (C,75.  i're-FuuiU'}i  and  I*ost*Rm)vt“ry  Trunsiitisisioii  of  Exposed 
AI/lVl|j;l'\i  Optical  Filtei  on  Substrate  (1270  A) 


kj,fkki;nci';: 


KXl’FRIMFM: 

('OMMKNTS: 


Chiiriicr.  J  .  Vacuiiiu  Dciiositcd  Oiniual  t’oating.s 
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2430  IJV  FILTER 
ON  SI 02  SUBSTROTF 
SI^RRE  FIND  REFERENCE  SRMPl  1 


I'iyurc  V..1U.  I’ro>Luuiich  uiid  Past-Recovery  Trunsniissiuii  of  10x|K)sed 
Al/M^Fj  Optical  Filter  on  Quart/  Substrate  (2430  A) 


igiire  I'!.77.  Prc-I-auiich  and  l^)s(-Rccovc*ry  1  ransinission  of  /.nS/(’ryolitc/ 
Silver  on  fused  Silica  (('eniented  Wilh  Kpon  828) 


o 


IsXl’KRIMKNT: 

COMMI'lN'l’S; 


M(H)iicy,  1  .A.,  iiiul  .Sniajkicwicz,  A.,  'rranstiiitlancc 
Mcasmcnteiils  o!  Uliraviolcl  and  Visible 
Wavelciinili  l•illc^s  I'lown  Almard  l.DIil'.  l.Dlil' 
l-'irM  I’Dsi  Reiricval  Syniixvsiiiin,  I’aii  .1,  p.  1511 
AO- 147 

Redueiioii  in  iraiisniiliancc. 
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I’iyure  K,78.  I’rC'LuuncIi  and  lN>.st-Rt‘C«)verj'  rransiiiissioii  of  ZiiS/Cryolitu/ 
Silver  on  Fused  Silica  (Air-Spaced,  No  (X'lneni) 


RKF’KRKNCK;  Minmcy.  T.A.,  iiiul  .Sniajkicwic/.,  A..  Tninsiiiiilancu 

MciLSurcmcnl.s  of  Uiliaviol>:i  ami  Visilik 
Wavclcn(>(li  l-illcrs  l'’lowii  Ahjiu'd  LDlil''.  LDfil' 
i'ii'si  Post-Kclricval  Syi)iiK>,sium,  Pari  3,  p.  1311 
KXPKRIMKNI;  AO- 147 

( 'OMMKN'l’S:  Rcdut  lioii  iti  Uansiniliance  ami  slight  shill  in  coiilci 

wavolonglh. 
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I'inurc  K.79.  I’re-Luuiich  and  Fast-Rccovcry  Trua.sini.s,siuit  of ’I'liI'4/t'ryolitt‘ 
oil  Fused  Silica  (Air-Spuevd,  No  (X'ltieiit) 


RKFl'’,RKNCK:  Mooney,  T.A..  ami  Snuilkicwicz,  A.,  Transiniitancc 

MOiLSUiCiilOiUx  tii  Uliiaviolei  ;uui  Visible 
Waveleiiplh  billers  blown  Alx)iuil  LDlib',  l,l)bb' 
b'iisl  Posl-Relrieviil  ,Syiii|K)sium.  ban  .'1,  p.  I.SIl 
ICXIMailMIONI:  AO- 147 

COIVilViRN  rS:  liiereiLse  in  lian.Miiiiiance  (due  lo  pinholes  in  some 

of  the  melal-dielecliic  coalings). 


«  ifi 
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1.1)1  f  I  lllri  No  ^ 


l'i}»ure  K.8<).  I’lc-Lauiich  und  I’ost-Retovcry  rrunsiiiissioii  <»!’  Zr()j/('ry()Iik‘/ 
Silver  on  Fused  Silica  (Air-Spaced,  No  ('eineiil) 


RMI'KKIONCK:  MiKdicy.  T.A..  ^uul  Sniajkicwitv.  A..  Tr:m.smillam.c 

MciisiiRaiKinls  ol  Ulliaviulul  ami  Visihlc 
Wavi'loiinlh  I'illcrs  Mown  Abuajil  I.DIil',  l-DIil' 
l-'irsi  Posl-Ri'liic  -al  .Syniposiuiii,  Pari  p.  l.SI  I 
AO- 147 

KeUiiccd  liansiiiillana;. 


KXPKHIMKNl; 

COMMKNTS: 
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i''it;ure  K.81.  l*re-Luunc'h  uiid  Fost-Kccovcry  'rrunsinisNiou  of  ZiiS/'l'CtF 
on  I'used  Silica  (Air-Spuced,  No  Cviiiciil) 


RKFKKKNCK:  McKHicy,  I'.A..  and  Siiiajkiewic/..  A.,  Transiniltanco 

Mc<i.surciucnis  oi  Uliraviolci  iuid  Visililc 
Wuvdcngih  I'iliers  Mown  Al>o:uil  LHILI',  LDIil- 
I'irs!  I’twl  Retrieval  .Synii)o;;iiim,  I’ait  .1,  p.  151 1 
KXPICRIMI'.NT:  AO- 147 

COMMION'I'S:  Slight  dccretisc  in  Uansiiiitlance  near  center 

wavelength.  Slight  increai.se  in  Iran.sinittancc  nciU' 
lilticr  wavclcnglli.s  (apparent  reduclion  in  extinction 
ctKlficient  of  ZnS). 
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I  i)i:k  mill  '.11. 1 


Kinurc  l').S2.  I’rc-I/aunch  uitd  l*o.st-Rctovery  'l'ruii.siiii.ssion  ofThl’V^’ryctlite 
on  Fused  Siiicu  (Air>S|)aced,  No  (x'ineni) 


ri;m;ri:n(  K: 

M(H)iicy,l  .A.,an(i  .Sinajkicwu/,  A.,  rraiisiiiillaiKc 
MciLsimaiicni.s  oi  liilraviolci  aiui  Vi.sih'U' 

Wavclcni’lli  lallcrs  l■■lc(wn  Almanl  l.l)l'l'',  l.l)I\l'' 
I'iist  I’osi  kcii'ieval  .Syiiipu.sium,  I'ail  |i.  I.'il  1 

KXl’KRIMINr: 

AO- 147 

('OMMKNI.S: 

liiciciLsc  ill  iiaDsiiiiilaiR'c  (iliii.'  lo  pinholes  in  sonic 
ol  itic  inclal-ilielocliie  coaling.s), 
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REFERENCE: 

Mooney.  T.A.,  and  Smajkicwicz.  A..  Transmittance 
Measurements  of  Ultraviolet  ajid  Visible 
Wavelength  Filters  Flown  Aboard  LDEF,  LDEF 
First  Post-Rcincval  Symposium,  Part  3,  p.  1511 

EXPERIMENT: 

AO- 147 

COMMENTS: 

Reduced  transmittance  (due  to  increased  absorption 
in  the  lead  compound). 
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Figure  E.84,  Pre-Launch  and  Post-Recovery  Tiransmission  of  PbFj/Cryolite 
on  Fused  Silica  (Air-Spaced,  No  Cement) 
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REFERENCE: 

Mooney,  T.A.,  and  Smajkiewicz,  A.,  Transmittance 
Measuiemenis  of  Ultraviolet  and  Visible 
Wavelength  Filters  Flown  Aboard  LDEF,  LDEF 
First  Post-Retrieval  Symposium,  Part  3,  p.  1511 

EXPERIMENT: 

AO- 147 

COMMENTS: 

Reduced  transmittance  (due  to  increased  absorption 
in  the  lead  compound). 
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Figure  E.85.  Pre-Launch  and  Post-Recovery  Transmission  of  ZnS/Cryo!ite/ 
Silver  on  Fused  Silica  (Cemented  With  APCO  R313) 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Mooney,  T.  A.,  ai>d  Smajkiewicz,  A.,  Transmittance 
Measurements  of  Ultraviolet  and  Visible 
Wavelength  Filters  Flown  Aboard  LDEF,  LDEF 
First  Post-Retrieval  Symposium.  Part  3,  p.  1511 
AO- 147 

Slight  reduction  in  transmittance. 
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Figure  E.86.  Pre- Launch  and  Post-Recovery  Transmission  oj  Low  Index  Ratio 
Quarter- Wave  Blocking  ZnSe/ZnS/KRS-5  on  KRS-6  Substrate 


REFERENCE: 

Hawkins,  GJ.,  Seeley,  John  S.,  Hunneman,  R., 
Exposure  to  Space  Radiation  of  High-Perfoimance 
Infrared  Multilayer  Filters  and  Materials 
Technology  Experiment,  LDEF  First  Post-Retrieval 
Symposium,  p.  1477 

EXPERIMENT: 

A0056 

COMMENTS: 

Reduced  tran.smission. 

E-87 


Figure  E.87.  Pre>Launch  and  Post-Recovery  Transmission  of  PbTe/ZnS  on  Ge  Substrate 
15^n1  10%  HBW  L-Space  THW  Band-Pass  Filter 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Hawkins.  G.J.,  Seeley,  John  S.,  Hunneman,  R., 
Exposure  to  Space  Radiation  of  High-Performance 
Infrared  Multilayer  Filters  and  Materials 
Technology  Experiment,  LDEF  First  Post-Retrieval 
Symposium,  p.  1477 
A0056 

No  significant  changes  in  aansmission  or  spectral 
position. 
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Figui  e  E.88»  Pre- Launch  and  Post-Recovery  Transmission  of  PbTe/ZnS  8-12  jum 
Tschebyshev  Edge  Band-Pass  Filter  (Antireflected)  on  Ge  Substrate 


REFERENCE:  Hawkins,  GJ.,  Seeley,  John  S„  Hunneman,  R„ 

Exposure  to  Space  Radiation  of  High-Performance 
Infrared  Multilayer  Fillers  and  Materials 
Technology  Experiment,  LDEF  First  Post-Reti  ieval 
Symposium,  p.  1477 
EXPERIMENT;  A0056 

COMMENTS:  No  significant  changes  in  transmission  or  spectral 

position. 
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Figure  E.89.  Pre-Launch  and  Post-Recovery  Transmission  of  PbTe/ZnS  on  Ge  Substrate 
14.5^^1  0.7%  HBW  Split-Spacer  Fabry-Perot  Band-Pass  Filter 


REFERENCE: 

Hawl^is.  GJ  Seeley,  John  S.,  Kunneman,  R., 
Exposure  to  Sj^ace  Radiation  of  High-Performance 
Infrared  Multilayer  Filters  and  Materials 
Technology  Experiment.  LDEF  First  Post-Retrieval 
Symposium,  p.  1477 

EXPERIMENT: 

A0056 

COMMENTS: 

No  significant  changes  in  transmission  or  spectral 
position. 
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Figure  E.90.  Pre-Launch  and  Post-Recovery  Transmission  of  ZnS/Chiolite 
on  BK7G18  and  RG780  Glasses  (820  nm  Interference  Filter) 


REFERENCE: 

EXPERIMENT: 

COMMENTS: 


Charlicr,  J..  Vacuum  Deposited  Optical  Coatings 
Experiment,  LDEF  First  Post-Retrieval 
Symposium.  Part  3,  p.  1343 
AO  138-4 

Slight  reduction  in  transmission  and  slight  shift  of 
center  wavelength  to  blue. 
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REFERENCE:  Gyetvay,  S.,  et  al..  Aerospace  Corporation  LDEF 

M(XX)3  Sample  Observation  Data  Base.  1993.  ® 

EXPERIMENT:  M0003-2  a 


COMMENTS:  No  damage  to  the  substrate  beyond  area  of  impact. 
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Figure  E.92.  Hazed  And  Corroded  Surface  of  Low  Scatter  Nl  Mirror 


REFERENCE; 

EXPERIMENT 

COMMENIS: 


Gyetvay.  S.,  et  al..  Aerospace  CoiTOration  LDEF 
M0(X)3  Sample  Observaiion  Date  Base.  1993, 
Record  #58 
M0003-tl 

Many  spots  of  corrosion  on  the  surface  are 
surrounded  by  zones  of  discolored  material. 


Figure  E.93.  Corrosion-Decorated  Grain  Boundaries  in  Surface  of 
Diamond-Turned  Copper  Substrate 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Gye(vay,  S..  et  aJ.,  Aerospace  Conwralion  LPEF 
M(X)03  Sample  Observation  Data,  Base.  1993, 
Record  #1135 
M0003-2 

Sample  appears  hazy  when  viewed  at  a  glancing 
angle.  There  are  many  spots  of  coiTosion, 
especially  where  extraneous  matter  had  contacted 
the  surface.  Grain  boundaries  are  apparent  in  the 
copper  surface;  in  some  areas,  tJiese  appear 
decorated  with  residue.  There  arc  two  rectangular 
patches  apparent  on  the  surface  where  something 
was  placed  on  the  surface  preflight.  The  residue 
from  a  preflight  fingerprint  is  near  tlie  sample 
center.  Discolored  residue  13  present  near  the 
perimeter  of  the  sample  where  TFE  tape,  used  as 
a  liner  around  the  sample,  protruded  onto  the 
surface. 


a. 


E-94 
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Figure  E.94.  High  Magnification  View  of  Corrosion  Spots  on  Surface  of 
Diamond  Turned  Copper  Substrate 


REFERENCE; 

EXPERIMENT: 

COMMENTS: 


Gyelvay.  S..  et  al..  Aerospace  Comonilion  LDEF 
M(XX)3  Sample  Obscrvalion  Data  Base.  1993. 
Record  #1136 
M0003-2 

Sample  appears  hazy  wlieri  viewed  at  a  glancing 
angle.  There  is  a  great  deal  of  extraneous  debris 
on  the  surface,  largely  consisting  of  metallic  film 
flakes.  The  exposed  surface  appears  darker  when 
viewed  at  normal  incidence,  particularly  around  the 
perimeter  on  the  spaceward  side. 
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Figure  E.95.  Impact  Effects  in  Nickel-Copper  Mirrors 


REFERENCE: 

EXPERIMENT: 

COMMENTS: 


Gyetvay,  S.,  et  al..  Aerospace  Corporation  LDEF 
M0(X)3  Sample  Observation  Data  Base.  1993. 
M0003-2 

Splatters  of  resolidified  matter  surrounding  the 
craters.  Damage  is  similar  to  that  seen  in  uncoated 
copper. 
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Figure  E.96.  Effect  of  a  Micrometeoroid  on  Debris  Impact  on  a  Quartz-Silver 
Second  Surface  Mirror 


REFERENCE:  Mason.  J.B.,  Dursch,  H.,  Edelman,  J.,  Overview  of 

the  Systems  Special  Investigation  Group 
Investigation,  LDEF  Second  Post-Retrieval 
Symposium,  p.  1257 
EXPERIMENT:  A0038 

COMMENTS:  Micrometeoroid  impact  caused  crater  with  several 

large  conchoidal  areas  adjxent  to  impact  site. 
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Figure  E.97.  Diffuse  Reflectance  Spectra  of  lojOj/Al/AljOj  Coated 
Quartz  Crystal  Microbalancc,  LDEF  Leading  Edge 


REFERENCE: 

Stuckey,  W.K..  Radhakrishnan,  G„  and  Wallace. 

D.,  Post-Flight  Analyses  oi'  the  Crystals  from  the 
M0003-14  Quartz  Crystal  Microbalance 
Experiment,  LDEF  Second  Post-Retrieval 
Symposium,  p.  1269 

EXPERIMENT: 

M0003-14 

COMMENTS: 

For  all  cty'stals,  there  is  an  increase  in  average 
reflectance  with  increasing  wavelength.  Positions 
of  the  wavelength  maxima  and  minima  in  the 
interference  patterns  are  shifted  negligibly. 
Leading  edge  material  (D9,  active)  showed  nearly 
identical  modulation  amplitudes. 
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Wavelength  (nm) 


Figure  E.98.  Diffuse  Reflectance  Spectra  of  InjOj/Al/Al^Oj  Coated 
Quartz  Crystal  Microbalance,  LDEF  Trailing  Edge 


REFERENCE; 


EXPERIMENT: 

COMMENTS: 


Stuckey.  W.K.,  Radhiikrishniin.  G.,  and  Wallace, 
D.,  Post-Flight  Analyses  of  the  Crystals  from  the 
M0003-14  Quartz  Crystal  Microbalance 
Experiment,  LDEF  Second  Post-Retrieval 
Symposium,  p,  1269 
M0003-14 

For  ail  crystals,  there  is  an  increase  in  average 
reflectance  with  increasing  wavelength.  Positions 
of  the  wavelength  maxima  and  minima  in  the 
interference  patterns  are  shifted  negligibly. 
Trailing  edge  material  (D3,  active)  experienced 
amplitude  modulation  in  uncorrected  diffuse 
rcflcclancfc  (probably  due  to  thickness 
inicrcfcrcncc). 
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REFERENCE: 

Stuckey,  W.K.,  Radhakrishnan,  G.,  and  Wallace, 

D.,  Post-Flight  Analyses  of  tJie  Crystals  from  the 
M0003-14  Quartz  Crystal  Microbalance 
Experiment,  LDEF  Second  Post-Retrieval 
Symposium,  p.  1269 

EXPERIMENT: 

M0003-14 

COMMENTS: 

For  all  crystals,  there  is  an  increase  in  average 
reflectance  with  increasing  wavelength.  Positions 
of  the  wavelengtJi  maxima  and  minima  in  the 
interference  patterns  are  shifted  negligibly. 
Leading  edge  material  (D9.  passive)  showed 
significant  modulation  amplitudes  over  entire 
wavelength  band. 
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Figure  E.IOO.  Diffuse  Reflectance  Spectra  of  ZnS/AI/Al203  Coated 
Quartz  Crystal  Microbalance,  LDEF  Trailing  Edge 


REFERENCE: 

Stuckey,  W.K..  Radhakrishnan,  G.,  and  Wallace, 

D.,  Post-Flight  Analyses  of  tlie  Ciystals  from  the 
M0003-14  Quartz  Crystal  Microbalance 
Experiment,  LDEF  Second  Post-Retrieval 
Symposium,  p.  1269 

EXPERIMENT: 

M0003-14 

COMMENTS: 

For  ail  crystals,  there  is  an  increase  in  average 
reflectance  with  increasing  wavelength.  Positions 
of  the  waveleiigUi  maxima  and  minima  in  the 
interference  patterns  are  shifted  negligibly. 
Trailing  edge  materia'  (D3,  passive)  experienced 
amplitude  modulation  in  uncorrccted  diffuse 
reflectance  (probably  due  to  thickness 
intcreference). 
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Figure  E.lOl.  Microfractured  and  Contaminated  Mark  HIE  Coating  on  7940  Coverglass 


REFERENCE: 


EXPERIMENT 

COMMENTS: 


Gyetvay.  S.,  et  a)..  Aerospace  Coruoralion  I.DEF 
M0003  Sample  Observation  Data  Base.  1993, 
Record  #169 
M00034 

Long,  fine  fractures  through  the  coverglass  emanate 
from  impact  craters  in  the  surface.  Fractures 
intersect  defects  in  the  coating  surface.  Blisters  or 
droplets  of  condensate  appear  on  the  surface  along 
the  fractures.  Coaling  is  microfractured  and 
flaking  at  the  perimeter.  Some  large  ruptured  and 
unruptureu  bubbles  appear  in  the  coating.  A 
coating  or  slain  film  on  the  reverse  surface  of  the 
coverglass  appears  to  have  ruptured.  The  reverse, 
unexposed  surface  of  the  silicon  wafer  is  silver- 
coated  and  is  corroded  and  flaking. 
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Figure  E.102.  Macrophotograpli  of  Hazed  and  Contaminated  Mark  HIE  Coating  on 
7940  Coverglass 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Gyeivay,  S.,  et  al.,  Aerospace  Corporation  LDEF 
M0003  S.TmDle  Observation  Data  Base.  1993, 
Record  #168 
M(X)034 

Long,  fine  fractures  through  the  coverglass  emanate 
from  impact  craters  in  the  surface.  Fractures 
intersect  defects  in  the  coating  suiface.  Blisters  or 
droplets  of  condensate  appear  on  the  surface  along 
the  fractures.  Coating  is  microfractured  and 
flaking  at  tlie  perimeter.  Some  large  ruptured  and 
unruptured  bubbles  appear  in  the  coating.  A 
coaling  or  slain  film  on  the  reverse  surface  of  the 
covergiass  appeals  to  have  ruptured.  The  reverse, 
unexposed  surface  of  tlie  silicon  wafer  is  silver- 
coated  :ind  is  corroded  and  flaking. 
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Figure  E.103.  Impact  Crater,  1.25  mm  Diameter,  in  Surface  of  Bare  79hKJ  Coverglass 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Gyctvay,  S.,  et  al..  Aerospace  Corporation  LDEF 
M0(X)3  Sample  Observation  Data  Base.  1993, 
Record  #177 
M(KK)34 

Long  fractures  through  the  covcrglass  emanate 
from  impact  craters  in  the  surface. 
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Figure  E.104.  Macrophotograph  of  Hazed  and  Contaminated  7940  Coverglass 
with  1.25  mm  Diameter  Crater  Off-Center  in  Surface 


REFERENCE: 

Gvetvav.  S..  et  al..  Aerospace  Corporation  LDEF 
M0(X)3  Sample  Observation  Data  Base,  1993, 
Record  #177 

EXPERIMENT: 

M0{X)3-4 

COMMENTS: 

Interference  rings  aie  apparent  on  the  surface. 
There  is  a  large  impact  crater  surrounded  by 
conchoidal  fractures  and  radiating  cracks  in 
coverglass.  Apparent  on  DIO  side  are  very  minute 
particles,  which  appear  to  be  embedded  in  the 
surface  and  have  tails  of  radiating  bright  spot.s. 

The  reverse,  unexposed  surface  of  the  Si  wafer  is 
silver-coated  and  is  corroded  and  flaking. 
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Figure  E.105.  Impact  Crater,  1.25  nim  Diameter,  in  Surface  of  Bare  7940  Coverglass 


REFERENCE:  Gyctvay,  S.,  ct  al..  Aerospace  Corporation  LDEF 

M0(X)3  Sample  Observation  Data  Base,  1993, 
Record  #176 

EXPERIMENT:  M0003-4 

COMMENTS:  Front  surface  appears  relatively  clean,  despite 

erosion  of  the  retainer.  Delamination  of  a  coating 
or  film  on  the  leverse  surface  of  the  coverglass  is 
apparent.  Tlie  reveise,  unexposed  surface  of  the 
silicon  wafer  is  silver-coated  and  is  coirodcd  and 
flaking. 
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Figure  E.106.  Microcracked  Mark  IDD  Coating  on  7940  Coverglass 


REFERENCE:  Gyelvay,  S.,  ct  al..  Aerospace  Corporation  LPEF 

M0003  Sample  Obsei’vation  Data  Base.  1993, 
Record  #168 

EXPERIMENT:  M0003-4 

COMMENTS:  There  arc  paraliei  fractures  in  the  coverglass. 

Faceted  features  appear'  on  the  surface  along  the 
microfractures  (may  be  nucleating  oxide  phases). 
Dendritic  growths  are  apparent.  The  reverse, 
unexposed  surface  of  the  silicon  wafer  is  silver- 
coated  and  is  corroded  and  flaking. 
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REFERENCE: 


EXPERIMENT: 

COMMENTS: 


George,  Pete  E.,  and  Hill,  Sylvcslcr  G.,  Results 
From  Analysis  of  Boeing  Compo.silc  Specimens 
Flown  on  LDEF  Experiment  M0(X)3,  LDEF  First 
Post-Retrieval  Syniixtsiuni,  June  1991,  p.  1  EJ,"! 
M(X)0,J-8 

Lo.ss  of  material  due  to  atomic  oxygen  exposure. 


# 

m 


E-109 


RKl'KRKNCK: 


EXPKRIMKNT; 

COMMENTS: 


George,  Pete  E.,  and  Hill,  Sylvester  G.,  Results 
From  Analysis  of  Bociim  Comnosile  Specimens 
Flown  on  LDEF  Experiment  M0003,  LDEF  First 
Post-Retrieval  Sym|K)sinm,  June  1991,  p.  1133 
M0(X)3-8 

Loss  of  material  due  to  atomic  oxygen  exposure. 
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RKFERENCE: 


EXPERIMENT; 

COMMENTS: 


Bonnemason.  Francis,  Ruled  asid  Holographic 
IDirfructiou  CraliUKs  HxDerimeat  (AQ 133-5),  L,0!2F 
Ficst  Post-Retrieval  Symposium,  June  1991,  p. 
1301 

AO  138-5 

Efficicacy  loss  wits  less  than  10  percent. 
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REFERENCE; 


EXPERIMENT 

COMMENTS: 


Bonncniasou,  Fraiicis,  Ruled  and  Holographic 
Diffraction  Gratings  Experiment  (AO  138-5).  LDEF 
First  Post-RctrievaJ  Symposium,  June  1991,  p. 
1301 

AO  1 38-5 

Reflectivity  loss  was  less  than  2  percent. 


Figure  E,112.  SiA¥Re  Reflectivity  Measurements 


REFERENCE: 


EXPERIMENT: 

COMMENTS: 


Dclaboudini5re,  J.P.,  CaraMtian,  Ch.,  and 
Hochedcz,  J.F„  In  Orbi!  PeKradation  of  EUV 
Optical  Componenis  in  the  Wavclcngtli  Range  10- 
140  nm  (A0138-3),  LDEF  Second  Post-Retrieval 
Symposium,  June  1992,  p.  1356. 

AO  138-3 

Pro-  and  post-fliglU  measurements  ime  consistent. 
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Figure  E.113.  Composite  Materials  Mechanical  Test  Results 


REFERENCE: 

EXPERIMENT: 

COMMENTS: 


George.  Peie  E.,  and  HiU,  Sylvester  G.,  Results 
From  Analysis  of  Boeing  Composite  Specimens 
Rowii  on  LDEF  Experiment  M0003 
M0003-8 

Pie-  and  post-flight  tensile  strengths  are  similar  but 
below  expectations. 


Figure  E.114.  Thermal  Control  Generated  Transmission  Loss:  UV  Window 


REFERENCE:  Linton,  Roger  C..  Kamenctzky,  Rachel  R., 

Reynolds,  John  M.,  and  Burris,  Charles  L.,  LDEF 
Experiment  AO034:  Atomic  Oxygen  Stimulated 
Outeassing,  LDEF  First  Post-Retrieval  Symposium, 
June  1991,  p.  779 
EXPERIMENT:  AO034 

COMMENTS:  Contaniination  severely  degraded  transmission. 
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REFERENCE: 

EXPERIMENT: 

COMMENTS: 


Gyelvay,  S.,  cl  al..  Aerospace  Curporation  LDEF 
M0(X)3  Sample  Observation  Data  Base.  1993, 

l\VA.Via  TTIW 

M0(X)34 

Perimeter  is  hazed.  Coating  is  cracked  and  flaked. 
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Figure  E.116.  Hazed  and  Contaminated  Reflective  350  nm  Coating  on  Ceria 


REFERENCK: 

Gvctvav,  S.,  ct  al..  Aerospace  Conroration 
M0003  Sample  Observation  Data  Base, 

LDEF 

1993, 

Record  ft  166 

EXPERIMENT: 

M0003-4 

COMMENTS: 

Perimeter  is  hazed.  Coating  is  cracked  and  flaked. 
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